Assembly and post-assembly manipulation of polyelectrolyte multilayers for control of bacterial attachment and viability by Lichter, Jenny, 1982-
Assembly and Post-Assembly Manipulation of 
Polyelectrolyte Multilayers for Control of Bacterial 
Attachment and Viability 
By  
Jenny A. Lichter 
 
B.S. Materials Science and Engineering 
Massachusetts Institute of Technology, 2004 
 
SUBMITTED TO THE DEPARTMENT OF MATERIALS SCIENCE AND 
ENGINEERING IN PARTIAL FULFILLMENT  
OF THE REQUIREMENTS FOR THE DEGREE OF: 
 
DOCTOR OF PHILOSOPHY  
IN MATERIALS SCIENCE AND ENGINEERING  
AT THE  
MASSACHUSETTS INSTITUTE OF TECHNOLOGY 
 
FEBRUARY 2009 
 
©2009 Massachusetts Institute of Technology. All rights reserved. 
 
 
 
Signature of Author: __________________________________________________ 
Department of Materials Science and Engineering 
January 31, 2009 
Certified by: __________________________________________________________ 
Michael F. Rubner 
Professor of Materials Science and Engineering 
Thesis Supervisor 
Accepted by:__________________________________________________________ 
Christine Ortiz  
Associate Professor, Department of Materials Science and Engineering 
Chairman of the Department Graduate Committee  
 
   
Assembly and Post-Assembly Manipulation of Polyelectrolyte Multilayers for 
Control of Bacterial Attachment and Viability 
 
By 
 
Jenny A. Lichter 
 
 
Submitted to the Department of Materials Science and Engineering  
on January 30th 2009 in Partial Fulfillment of the 
 Requirements for the Degree of Doctor of Philosophy in  
Materials Science and Engineering 
ABSTRACT 
The overall goal of this thesis was to exploit the versatility of the polyelectrolyte multilayer (PEM) 
platform to consider bacteria‐substrata interactions by varying multilayer assembly and post‐assembly 
conditions.  We developed multiple PEM systems to probe the ability of substrata to resist bacteria 
attachment or act as contact‐killing antimicrobials.  In the first study, by varying the pH of assembly, we 
developed PEMs of identical chemical composition (polyallylamine hydrochloride (PAH) and polyacrylic 
acid (PAA)) with distinct mechanical moduli (1‐100 MPa).  Once characterized, these PEMs showed that, 
under certain conditions, bacterial attachment correlated with increasing modulus.  Thus, substrata 
stiffness was found to be an additional parameter to consider when studying bacterial attachment.   The 
next project focused on PEMs of PAH and poly(sodium‐4‐styrene sulfonate) (SPS) assembled at high pH 
that showed a reversible swelling transition upon immersion in a low pH solution.  These acid‐treated 
PEMs presented high positive charge density and mobility, and were capable of killing bacteria on 
contact.  SPS/PAH PEMs were used as a model system to enumerate the design parameters that should 
be considered to create a cationic killing surface.  A third PEM system was employed to further illustrate 
the effects of multilayer assembly and post‐assembly conditions on bacteria.  Cross‐linked hydrogen‐
bonded PAA and poly(acrylamide) (PAAm) multilayers were modified post‐assembly by the adsorption 
of PAH at various pH values.  These multilayers underwent a variety of morphological transitions 
depending on the pH of PAH adsorption.  At mid‐range pH values, the film stiffened and promoted 
aqueous bacterial attachment.  At high pH values, PAH adsorbed onto the surface with many unbound 
uncharged amine groups.  When the multilayer was exposed to physiological pH values for bacteria 
assays, the amine groups became protonated and participated in a cationic‐killing effect.  Finally, biofilm 
control was examined by investigating initial biofilm formation on films of various mechanical stiffness 
and surface charge.  No differences were visible via optical microscopy.  An alternative approach to 
biofilm control was considered whereby a dissociating multilayer region lifted‐off a contaminated layer, 
exposing a clean, unfouled underlying surface. 
Thesis Supervisor: Michael F. Rubner 
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CHAPTER 1 
1. Introduction 
 
1.1 Introductory Remarks 
 Understanding the interactions between bacteria and surfaces is an area of great interest 
and extensive research.  Whether determining the surface parameters that promote or resist 
bacterial attachment, maximizing antibacterial efficiency or combating the problem of biofilm 
production, researchers have exploited a number of different surface systems including 
hydrogels1, 2, surface grafted molecules3-5 and nanoparticles6, 7.  Polyelectrolyte multilayers 
(PEMs) offer a simple, water-based, versatile platform for exploring biomaterials with cell and 
bacterial control functionalities.  Polyelectrolyte multilayers can incorporate a broad range of 
molecules, nanoparticles6, proteins8 and even cells9.   In addition, the layers can be controlled on 
the nanometer scale providing precise control over many material properties such as layer 
thickness 10, modulus 11, surface charge, porosity12, 13, surface roughness10, etc.  Depending on 
assembly and post-assembly conditions, the films can also be stable in physiological conditions.  
Thus, PEMs are an ideal tool for exploring the many aspects of cell and bacterial control.   
The first part of this introduction provides a brief overview of polyelectrolyte multilayer 
(PEM) synthesis.  The second part summarizes various PEMs that have been engineered for 
antimicrobial applications.  The major contributions to the field of eukaryotic cell-PEM 
interactions are also highlighted, often paralleling the strategies used to create antimicrobial or 
bacteria-resistant PEM surfaces.  Finally, a brief overview of the topics covered in this thesis is 
presented. 
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1.2 General Introduction 
 
1.2.1 Polyelectrolyte Multilayers 
First developed in the 1990s in the Decher lab 14, polyelectrolyte multilayers (PEMs) are 
built by dipping a charged substrate sequentially into water baths containing oppositely charged 
polymers with rinse steps in between to remove excess polymer [Fig 1.1].  Some researchers use 
spin-coating or spraying as a variation to the dipping procedure.  As the concept of 
polyelectrolyte multilayers gained popularity, it was expanded to include incorporation of many 
charged species, including nanoparticles15, enzymes8, dyes16 and cells17.  Multilayers are now 
also built with hydrogen-bonding layers instead of electrostatically bound layers1.  
 
Figure 1.1. (0.1) General setup of layer‐by‐layer dipping for PEM assembly. A substrate is sequentially dipped 
into aqueous solutions of oppositely charged species with rinse baths between each step. 
 
Charged polymers used for PEM assembly are classified as strong or weak polyelectrolytes 
based on their ionizable charged groups.  [Those polymers that maintain a fixed charged over a 
broad range of pH conditions are termed “strong polyelectrolytes.”   Polymers that exhibit pH-
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dependent ionization are called “weak polyelectrolytes.”]  Since charged polymers adsorb to the 
surface due to electrostatic attraction, the pH dependence on degree of ionization can be 
exploited to vary PEM morphologies and material properties depending on the pH of assembly.  
This is a key concept for much of the research discussed throughout this thesis. Examples of 
strong and weak polyelectrolytes, as well as hydrogen-bonding polymers, are given in Figure 
1.2. For the most part, the work performed in this thesis utilizes only these four polymers. 
 
Figure 1.2. (0.2)  Common polymers used in PEM synthesis: (A) weak polyelectrolyte poly(acrylic acid) (PAA), (B) 
polyacrylamide (PAAm), which can hydrogen‐ bond with PAA, (C) strong polyelectrolyte poly(sodium 4‐styrene 
sulfonate) (SPS) and (D) weak polyelectrolyte poly(allylamine hydrochloride) (PAH). 
 
PEM film thickness is highly tunable. Multilayer buildup can proceed in a linear or 
exponential fashion, depending on the polymer system chosen.  Bilayer thickness can be varied 
14 | P a g e  
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by manipulating assembly conditions such as pH and ionic strength. Total film thickness can be 
adjusted by controlling the number of bilayers.  
Due to the nature of the PEM assembly process, PEMs can be adsorbed onto a variety of 
substrates with differing geometries.  Glass slides, polystyrene tissue culture dishes, fabrics, and 
PDMS are common substrates used in our group.  Once assembled, PEMs are stable with respect 
to moderate pH and ionic strength and ethanol treatment for sterilization.  The common notation 
used to describe assembled PEMs is 
  (Poly1 / poly2 pH1/pH2) x 
Where poly1 and poly2 are the polymers used and pH1 and pH2 are the respective pH 
conditions at which those polymers were adsorbed.   x is the number of bilayers where one 
bilayer consists of one adsorption of poly1 and one adsorption of poly2. 
1.2.2 Antibacterial Multilayers 
The versatile layer-
by-layer assembly 
procedure has been used for 
many biological 
applications, including the 
creation of antibacterial 
surfaces.  Many studies 
highlight adhesion of 
planktonic bacteria to a 
surface as the first step in 
Figure 1.3. (0.3) Three general methods of creating antibacterial surfaces. 
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bacterial infection or biofilm formation18. As with many antibacterial surfaces, engineers of 
layer-by-layer coatings have approached bacterial attachment prevention in three general ways: 
creating bacteria resistant surfaces, creating surfaces that leach antibacterial species an
contact-killing surfaces [Figure 1.3].   
d creating 
 
ADHESION RESISTANT PEMS: During the first step of the proposed two-step model of 
bacterial adhesion, bacteria form relatively weak and reversible van der Waals, electrostatic and 
hydrophobic bonds with the surface18.  Bacteria are generally considered to be easily removed 
during this step by rinsing, although there have been documented instances where shear stress 
enhanced binding18.  In the second step, bacteria form stable attachments to the surface via 
specific ligands (e.g., adhesions on pili or fimbriae), and bacteria are brought within nanometers 
of the surface18, 19.  
Bacteria-resistant surfaces seek to prevent stable bacterial adhesion.  Poly(ethylene 
glycol) (PEG) adsorbed or grafted onto surfaces forms a highly hydrated layer that entropically 
and enthalpically prevents protein adsorption, platelet adhesion, bacterial adhesion and cellular 
adhesion due to its strong affinity for water molecules. Egles et al. have incorporated PEG into 
polyelectrolyte multilayers by attaching PEG to the backbone of poly(L-glutamic acid) (PGA), a 
negatively charged biopolymer.  Multilayers topped with a one to three PGA-g-PEG bilayers 
significantly reduced bacterial attachment of Escherichia coli even in the presence of nutrient 
media20. Heparin, another polymer associated with reduced bacterial adhesion21, is a strong 
hydrophilic polyelectrolyte that can be assembled into multilayers to effectively reduce bacterial 
adhesion. The anti-adhesiveness of heparin in multilayers has been attributed to its high 
   
hydrophilicity22.  Picart and coworkers have found that chitosan/hyaluronan PEMs assembled at 
higher ionic strength (0.15 M NaCl) resist 80% of E. coli attachment compared to the 20-40% 
reduction seen on films assembled at lower ionic strength (10-2 M NaCl).  The difference in 
bacterial attachment was attributed to either the increased film thickness or the decreased film 
rigidity at higher ionic strength23.  Note, however, that this study does not directly address the 
possible contact-killing effects of chitosan discussed below. Hyaluronan (HA), a polysaccharide 
that has been shown to reduce bacterial adhesion due to its hydrophilicity24, has been 
incorporated into many multilayers.  However, the bacterial resistance of HA in multilayers has 
not been directly tested since it is usually combined with other bacteria-killing species23, 25-27.  
The Hammond group has developed another tactic for resisting bacterial attachment: 
hydrolytically biodegradable coatings that shed their surfaces by top-down erosion, preventing 
stable bacterial attachment28.  
 
BIOCIDE LEACHING PEMS:  The most common biocidal leaching materials used in PEMs are 
silver and silver ions6, 7, 15, 25, 26, 29-37. Metallic silver, a known bactericide since ancient times, 
slowly releases ions and can interact directly with cell membranes in nanoparticle form38.  Silver 
ions act by binding to thiol groups on bacterial membranes, increasing cell membrane 
permeability, and entering the cell itself, binding to DNA and preventing replication38, 39. Silver 
is effective against a broad spectrum of bacterial strains while minimally affecting human cells40.  
One strategy for incorporating silver into PEMs has involved assembling silver nanoparticle 
precursors directly during the assembly process followed by reduction to form silver 
nanoparticles7, 30-32.  Silver nanoparticles themselves have also been assembled into multilayers 
during the dipping process34. Other groups have designed PEM “nanoreactors” in which pre-
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formed PEMs with abundant free carboxylic acids bind Ag+ ions or other precursors that are 
subsequently reduced6, 15, 29, 35, 36.  Reduction has been accomplished by a variety of methods: 
chemical reduction, heating and UV-irradiation7, 29.  The size of the resultant nanoparticles has 
been controlled by modifying pH, silver-precursor concentration or number of Ag+ loading 
cycles6, 7, 32.  Surface density and arrangement of silver nanoparticles has also been tailored by 
varying the number of PEM bilayers and the number of silver reduction cycles29. Others have 
controlled the nanoparticle concentration by using copolymers of different ratios to produce 
different numbers of binding sites35. Another approach to include silver has involved using 
silver-ion containing liposome aggregates embedded in a PEM support. By raising the 
temperature above the transition temperature of the vesicles (~34° C), silver ions were released 
that effectively killed E. coli populations25.  
In addition to silver, antibiotics have been incorporated into PEMs. The Hammond group 
created degradable PEMs that controlled release of unmodified gentamicin, an aminoglycoside 
antibiotic28.  By modifying the number of bilayers and the chemistry of the degrading polymers, 
both the dosage and the release rate could be controlled. PEMs have also been used to 
encapsulate and control release of the antibiotic ciprofloxacin hydrochloride41, 42.   
Triclosan, a biocide which has been shown to block fatty acid synthesis in bacteria and 
cause cell death, is a hydrophobic drug that is not easily incorporated into multilayers43. By 
encapsulating the triclosan in biodegradable polymeric micelles and assembling the micelles into 
a hydrogen-bonded multilayer, triclosan has been included in multilayers that dissolve in 
physiological conditions44.  The rate of film deconstruction could be tuned by varying the degree 
of cross-links within the film. Triclosan has also been loaded into linear-dendritic block 
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copolymer micelles and assembled into PEMs for prolonged release of active drug over a period 
of weeks45.   
Leaching quaternary ammonium compounds like centrimide have been included in 
PEMs37.  These species act by the “cationic killing effect” in which a cationic molecule is able to 
bind to and permeabilize or lyse the negatively charged bacterial membrane.  
A number of layer-by-layer studies have evaluated the uptake/incorporation and release 
of dyes and model drugs in PEMs, but have not performed bacteria studies practically testing the 
efficacy of these systems.  For instance, pH-dependent hydrolytically degradable thin films 
comprised of degradable polyesters and model anionic drugs have been created for controllable 
drug release46.  Drugs have been loaded into porous multilayers and released over the course of 
several days13. In addition, low molecular weight hydrophobic model drugs have been 
encapsulated in and released from 
PEM hollow capsule shells47.  
 
CONTACT KILLING PEMS: 
Contact killing surfaces are 
engineered to kill bacteria that 
interact with the surface.  Many 
researchers have focused on 
incorporating chitosan, a 
naturally occurring biocompatible 
cationic antibacterial 
Figure 1.4. (0.4) Proposed mechanisms of cationic contact‐killing: A) 
Cationic surface charge displaces membrane counterions increasing the 
permeability of the bacterial membrane. B) Cations hold negatively 
charged bacteria at the substrate surface and hydrophobic tail 
penetrates the membrane, causing leakage.  
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polysaccharide that has been shown to disrupt bacterial cell membranes. Although many 
mechanisms of action have been proposed, chitosan and its derivatives have been shown to bind 
to the negatively charged bacterial cell membrane and cause leakage both in solution and 
immobilized on surfaces48.  In a multilayer, chitosan’s cationic charges are able to interact with 
bacteria that attempt to adhere to the surface22, 27, 49-51.  Some multilayer systems clearly require 
chitosan as the terminating layer for the PEM to perform as an antimicrobial50. Assembly 
conditions such as pH influence chitosan’s antibacterial properties in multilayers, possibly due to 
differences in number of chitosan chain segments at the film surface22, 23.  It is important to note 
that chitosan in multilayers has been shown to be more effective at reducing bacteria on surfaces 
than either a single-layer of adsorbed chitosan49 or covalently grafted chitosan50. When 
compared to chitosan adsorption onto a corona-treated polypropylene film, a chitosan multilayer 
was able to present a higher density of chitosan on the surface, increasing the surface’s 
antibacterial activity.  
  Incorporating other known antimicrobial agents as one of the layer components is another 
effective means of killing bacteria.  The cationic antimicrobial protein hen egg white lysozyme 
(HEWL) displayed contact-killing properties when applied as the outermost layer of a PEM8. 
Polyguanidines, another class of biocidal polycations, have also been used as the cationic species 
in electrostatic layer-by-layer deposition52.  
Quaternary ammonium compounds (QACs) have been widely used to create non-
leaching biocidal surfaces4, 53.  The antibacterial activity of QACs combined with fatty alkyl 
chains has been attributed to a “hole-poking” mechanism whereby the positive charge anchors 
the molecule to the bacterial surface, and the hydrophobic chain penetrates the membrane and 
causes leakage5 (See Figure 1.4).  QACs have been grafted to the surface of PEMs and have been 
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grafted onto other charged polymers used in the PEM assembly process15, 33.  In agreement with 
other studies showing that surface-grafted QACs are more effective against Gram positive strains 
than Gram negative strains54, QACs grafted onto charged polyelectrolytes and assembled into 
multilayers show higher levels of Gram positive cytotoxicity33. The decreased Gram negative 
killing is attributed to the more complicated cell membrane structure of Gram negative bacteria.   
Antibacterial peptides, short (26-46) sequences of amino acids that participate in innate 
immune defense against microorganisms, have been immobilized on surfaces using the layer-by-
layer technique.  Although the mechanism is still unclear, these peptides are able to form pores in 
the bacterial membrane and cause the cells to lyse55, 56. One of the major benefits of surface 
immobilization of antibacterial peptides is the ability to create localized doses that are sufficient 
to effectively kill bacteria.  Egles and coworkers used defensin’s positive charge to layer the 
peptide on top of negatively charged polyelectrolytes57. The authors note the versatility of this 
technique for immobilizing antibacterial peptides: multiple layers incorporating antimicrobial 
peptides easily increase the peptide concentration, and the electrostatic nature of the deposition 
allows more than one kind of peptide to be incorporated.  In this study, the PEMs were only 
antimicrobial when the final layer was positively charged, indicating that positive surface charge 
was necessary for negatively charged bacteria to adhere to the surface and interact with the 
incorporated antimicrobial peptide.  Glinel et al. have incorporated the hydrophobic antibacterial 
peptide gramicidin A by complexing the peptide with an anionic amphiphilic polysaccharide, 
thereby creating a charged species that could be involved in electrostatic layer-by-layer 
deposition58.  
Various other contact-killing species have been incorporated into PEMs. Titania, known 
to create biocidal radicals upon UV-irradiation, has been built directly into multilayers for long-
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term antimicrobial surfaces59.   Reduction of certain polyoxometalates (POMs) (clusters of 
transition metals) in PEMs has also been thought to kill bacteria by oxidizing the bacterial cell 
membrane and inhibiting growth51.  PEMs built with single-walled carbon nanotube-DNA 
dispersions as the anionic component and single-walled carbon nanotube-lysozyme dispersions 
as the cationic component exhibited excellent mechanical properties (Young’s Modulus ~ 22 
GPa, hardness ~ 1 GPa) and antibacterial capability when the lysozyme layer was on top60. 
Lysozyme is an antibacterial enzyme that lyses the cell walls of Gram positive bacteria, but its 
antimicrobial activity can be extended to Gram negative bacteria with the addition of chelators 
such as ethylenediaminetetraacetic acid (EDTA). 
 
COMBINING APPROACHES:  Two antimicrobial strategies are often combined to combat 
bacteria more effectively.  For example, although hen egg white lysozyme (HEWL) containing 
PEMs can act as contact-killers with HEWL as the outer-most layer, HEWL is also released from 
the film over time and acts as a leaching biocide8.  Likewise, PEMs with the antibacterial peptide 
gramicidin A display both contact-killing and peptide leaching58. Shen et.al combined 
antibacterial polycationic chitosan with antiadhesive polyanionic heparin and controlled the 
degree of layer interpenetration and resulting surface properties by manipulating the pH of film 
assembly22. They also created chitosan/heparin films with silver nanoparticles to include a 
leaching-biocide32. Likewise, van der Mei et al. found that chitosan assembled into a multilayer 
with carrageenan (a polysaccharide extracted from seaweed) could combat bacteria by contact 
killing and by preventing adhesion due to the highly swollen structure of the multilayer50. Silver-
loaded PEMs topped with covalently grafted antibacterial quaternary ammonium salts have also 
proved to be an effective “two-prong” approach to antibacterial coatings15.  Surface-sloughing 
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films that erode top-down have been combined with antibiotic release, both preventing 
attachment and killing bacteria in solution28.  Shen et al. has even assembled silver and titania-
loaded films of chitosan and heparin, thereby combining much functionality into one coating59. 
 
PEM SUBSTRATES: The consequences of bacterial infections plague many fields from 
medicine to oil, food and water processing. As a result, PEMs need to be effective antimicrobial 
coatings on a variety of substrates for different applications.  Wang et. al has successfully 
produced an antibacterial coating on Ti, a major component in orthopedic implants27.  Others 
have proved that many of the antimicrobial PEMs discussed above can be applied to 
poly(ethylene terephthalate) (PET) (cardiovascular implant material)22, 32, 59, polypropylene (PP) 
(food packaging material)49, poly(L-lactic adic) membranes (biodegradable biomaterial)31, 
poly(tetrafluoroethylene) (PTFE) (a common antiadhesive surface)37,  cellulose fibers (paper and 
packaging material)52, silicon wafers51, 52 and  indium tin oxide (commonly used in 
electrochemical applications)51. Stainless steel and glass have also been used30. 
Coating particles with antibacterial PEMs has created additional applications.  Rubner et 
al. coated magnetic colloidal particles that could be directed with a magnetic field to specific 
locations6.  
Antibacterial substrate-less PEMs have also been constructed.  The Kotov group 
developed silver-containing antimicrobial PEMs with excellent mechanical properties similar to 
nacre or lamellar bone that could be made into free-standing films34. The Hammond group 
created free-standing triclosan-loaded antimicrobial PEMs that enabled the performance of 
otherwise difficult bulk characterizations such as differential scanning calorimetry and 
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transmission electron microscopy44. Micron-sized hollow PEM shells loaded with silver and 
goethite nanocrystals have been prepared to create antibacterial shells that can be directed with 
with an external magnetic field35. The interior of these shells could be used as reaction sites, 
providing confined areas for organic or inorganic materials. Hollow PEM shells have also been 
engineered to contain antibiotics such as ciprofloxacin hydrochloride that are capable of 
sustained drug delivery.  Controllable amounts of drug have been loaded both into the PEM shell 
(leaving the capsule hollow) and into the inner region of the hollow shell41, 42.   
 
RESPONSIVE ANTIMICROBIAL PEM COATINGS:  Stimuli responsive multilayers offer the 
advantage of delaying their functionality until a specific stimulus activates the multilayer. As 
mentioned above, incorporating temperature responsive liposome aggregates into a multilayer is 
one way of achieving a stimuli responsive antimicrobial coating25.  Multilayer literature is replete 
with pH-tunable systems, including hydrogen-bonded PEMs that leach antimicrobial species 
when raised to neutral pH44.  By incorporating photocatalytic titania into PEMs, UV-light has 
been utilized as the trigger for antibacterial activity59.  Antimicrobial polyguanidines have been 
assembled with temperature responsive polyanions to create films that undergo a morphological 
transition upon heating52.  However, in this case, the effects of the morphological transitions on 
the efficacy of antimicrobial activity were not tested.  
 PEMs have been engineered to include a wide array of antimicrobial strategies.  Due to 
the versatility of the layer-by-layer technique, many different approaches have been proven to 
successfully inhibit bacteria.  The variety of biocides and bacteria resistant materials, substrata 
and other incorporated species make antimicrobial PEMs suitable for many different applications 
and a promising area to look for new antimicrobial surfaces.  
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1.2.3 PEMs and Cells 
To fully understand the versatility of polyelectrolyte multilayers in biological settings, it 
is helpful to review some of the work studying the interactions of PEMs with eukaryotic cells.  
Throughout this section, “cell” refers to a eukaryotic cell.  Many of the general themes in PEM-
cell studies directly relate to approaches used to control bacteria.  For example, the schemes for 
preventing cell adhesion described below parallel the studies for preventing bacterial adhesion. 
Although most researchers aim to prevent bacterial adhesion, there are some situations (e.g., 
nitrogen fixation and bioremediation of wastewater) in which bacterial attachment and biofilm 
formation are encouraged61.  Thus, it is relevant to discuss PEM strategies to encourage cell 
adhesion. Other aspects of PEM-cell studies such as cell patterning and cell coating offer insight 
into the versatility of the layer-by-layer technique for controlling and manipulating live 
organisms. When relevant, related studies with bacteria are also mentioned.  
Control of cell adhesion has been investigated by a number of groups and the discussion 
below is by no means exhaustive.  The Rubner group has shown that highly swellable (or low 
modulus) films, such as PAA/PAH assembled at low pH and the hydrogen-bonded PAA/PAAm 
system, resist fibroblast and endothelial cell attachment 11, 62, 63.  The same polymers assembled 
in a tightly ionically cross-stitched manner are highly fibroblast adherent (e.g., PAA/PAH 
6.5/6.5).  Poly-(lysine)/alginate multilayers that form gels on highly adherent and heterogeneous 
protein-covered biological surfaces have also successfully resisted fibroblast attachment64.  
Similarly, others have developed chitosan/hyaluronan films that resist chondrocyte adhesion23.  
The Schlenoff group has also shown interesting cell-adhesion results with varying PEM surface 
properties.  They have proven that higher hydrophobicity encourages muscle cell attachment and 
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that with surfaces of equal hydrophobicity, negative charge is more cytophilic 65.  Although they 
were only using a small number of layers (2.5 bilayers at most), they did not include modulus or 
swelling in their analysis.  Note that cell adherence is very cell-type dependent and other cell 
types prefer a hydrophilic surface 66, 67.  The Schlenoff group also showed that muscle cell 
attachment to PEMs does not correlate completely with protein attachment 68.   
Many cell-resistant or cytotoxic surfaces have been coated with PEMs to improve 
cytophilicity.  Chondrocytes have been grown on thin films of poly-(ethylenimine) (PEI)/alginate 
or PEI/poly(l-lysine) deposited on a relatively bioinert biodegradable substrate of poly-(DL-
lactide) 69.   Both neurons and endothelial cells have been grown on PEM-coated silicone after 
biomacromolecules were incorporated into the PEM to present a hydrophilic and cytophilic 
surface 66, 67.  Van Vliet et al. adsorbed one polycation layer onto cytophobic PAA/PAAm PEMs 
and saw a large increase in film modulus accompanied by increased cell adherence, probably due 
to polycation diffusion and cross-linking in the bulk of the film36, 70.  Other groups have also 
used both synthetic polymer and non-synthetic polymer PEMs to encourage or modulate human 
endothelial cell growth 71, 72. After being coated in collagen/PAA multilayers, cytotoxic heavy 
metal nanoparticles were successfully incorporated into multilayers that showed high levels of 
muscle cell attachment and survival 73.   
PEMs have been used in many other interesting cell-adhesion applications.  Free-standing 
multilayer films incorporating single-walled carbon nanotubes have been shown to encourage 
neuronal differentiation and attachment 74. PEM coatings in channels have been shown to align 
smooth muscle cell growth 75.  
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 Initial cell coating research focused on using cells as templates to create uniquely-shaped 
hollow microcapsules. Red blood cells and E. coli bacteria have been coated with PEMs for this 
purpose76, 77.  However, these studies all examined coatings on fixed (and therefore dead) cells.  
PEM coating of live cells is of great interest for applications such as protecting cells from 
an immunological response, functionalizing and directing the outer surface for drug delivery, 
creating microenvironments for cell studies, tissue engineering, etc.  Coating bacteria could be 
relevant for bio-sensing and drug delivery. Germain et al. has directly coated live adherent 
mammalian cells with polyelectrolytes and has proven that the coating preserves metabolic 
functions and allows the passage of small molecules while isolating the cells from high 
molecular weight molecules 78.   Rajagopalan et al. created three layer stacks by sequentially 
adsorbing one PEM bilayer and then culturing hepatocytes to create layered cell structures 17.  
Living yeast cells and E. coli in solution have also been coated without affecting metabolic 
activities or cell-division 79, 80.  Small PEM patches have been attached to lymphocytes, creating 
the possibility for attaching additional functionalities or tags to cells without completely 
concealing their native surfaces81.  
Recently, attempts to coat pancreatic islets with PEMs have revealed interesting 
information about the linear charge density necessary to promote polycationic cytotoxicity82.   
Limiting cation spacing along the chain allowed polycations to create pores in the cell membrane 
and cause cell death.  As will be discussed in later chapters, linear charge density is a valuable 
parameter to consider when engineering polycationic antibacterial surfaces.   
The above results generated developments in cell patterning for mammalian cells.  The 
soft lithography techniques developed by the Hammond lab are extremely popular 83.  After 
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creating a cytophobic surface, adherence promoting polymers or peptide units have been 
polymer-on-polymer stamped to create a cytophilic pattern 65, 84, 85.  After coating live yeast cells 
in PEMs with specific outer layer charges, polymer-on-polymer stamped surfaces selectively 
adhered the cells in patterns 86.  Using microcontact printing, PEM-coated microspheres were 
adsorbed onto bare silicone rubber to control cell patterns 66. 
Other patterning methods for cell-attachment studies have been developed that do not 
involve polymer-on-polymer stamping.  McShane has used a lithography/lift-off technique 
termed polymer surface micromachining (PSM) to create complex interdigitated patterns on a 
cell-resistant background that selectively adhere neurons 87, 88. Microfluidic networks have also 
been used to pattern PEMs on PDMS to create cell-adhesive mirco-networks to which retinal 
cells adhere 89.  
PEM patterns have led to the development of cell co-cultures which better mimic the in-
vivo cellular environment.  The Langer group has developed one method for co-cultures with the 
following steps: 1) Hyaluronic acid (HA) micropatterns were deposited on glass. 2) Fibronectin 
was bound to the exposed glass. 3) Cell type A bound preferentially to the fibronectin. 4) Poly-L-
lysine (PLL) was adsorbed onto the HA. 5) Cell type B bound to the PLL layer.  In this way, 
they successfully developed patterned co-cultures of hepatocytes, fibroblasts and stem cells 9.   
As can be seen from the discussion above, many routes have been explored to manipulate 
cell-PEM interactions.  These approaches often parallel studies on antimicrobial PEMs.  Taken 
together, PEMs offer a rich and versatile platform for investigating and controlling living 
organisms.  
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1.3 Thesis overview 
The ultimate objective of this thesis is to exploit the versatility of polyelectrolyte 
multilayers to gain insight into the surface properties and processing techniques that control 
bacterial cell attachment and antimicrobial functionality.  In Chapter 2, the use of PEMs of 
varying mechanical modulus engineered by varying the pH of polymer assembly is explored.  
Once characterized, these films were used to investigate the effects of surface mechanical 
modulus on bacterial attachment.  Chapter 3 details the use of a model PEM system to outline 
design parameters to create contact-killing antimicrobial functionality in PEMs. Chapter 4 
describes the mechanisms of post-assembly changes in a hydrogen-bonded multilayer.  The 
various surfaces are tested for antiadherent and antimicrobial properties, and reinforce the 
concepts discussed in Chapters 2 and 3.  In Chapter 5, the PEM surfaces developed in earlier 
chapters are tested for their ability to resist initial biofilm formation under high nutrient 
conditions. Also, a new surface-sloughing PEM system is introduced that may better combat 
aggressive biofilm formation.  
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CHAPTER 2 
2. Regulation of Bacterial Adhesion by Manipulating Polyelectrolyte Multilayer 
Stiffness 
 
This work is the result of an extensive collaboration with the Van Vliet laboratory at MIT.  M. 
Todd Thompson, a graduate student in the Van Vliet group, was responsible for the 
nanoindentation measurements to determine modulus and the force microscopy to determine 
surface charge.  With contact angle measurements that I supplied, Thompson also calculated 
surface energy components.  Bacteria experiments were done in partnership.  Maricela 
Delgadillo, an MIT undergraduate student, assisted in bacteria experiments and image analysis.  
 
This chapter has been reproduced in part from:  
Lichter, J. A., Thompson, M. T., Delgadillo, M., Nishikawa, T., Rubner, M. F., and Van Vliet, K. 
J., Substrata stiffness can modulate adhesion of viable bacteria. Biomacromolecules, 9 (10), 
1571-1578, 2008.  
 
2.1 Introduction 
The design of functional materials to control the formation of biofilms, structured 
communities of bacteria protected by a polysaccharide matrix, has been the subject of numerous 
research efforts.   Hospital acquired infections represent an estimated $4.5 billion cost90 with an 
associated annual mortality of 100,000 persons in the US alone.91  The commensal bacterial 
species Staphylococcus epidermidis is the most common agent of infection,90, 92 exceeding the 
infection rate of methicillin-resistant Staphylococcus aureus (MRSA), with virulence often 
attributed to initial attachment of a viable bacterial population to the surface93 of a medical 
device and subsequent formation of a mature biofilm.   
Current approaches to limit bacterial colonization have focused on chemical degradation 
of stably adhered bacteria, including surface functionalization with microbicidal agents;53, 94, 95 
surface impregnation with slow releasing biocides such as gold or silver15, 95-97 and antibiotics;94, 
98 or surface functionalization with specific antimicrobial peptides and polymers.53, 99  Because 
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biofilm formation requires the initial attachment of a viable bacteria population on a surface,93 
another promising approach to limiting microbial colonization is prevention of bacterial adhesion 
to material substrata prior to colonization.  Others have reported that poly(ethylene glycol)-
conjugated polypeptides confer adhesion resistance and suggested that such results may be due 
to high degrees of substrata surface hydration20; this speculation was not systematically tested. 
More generally, the development of a versatile and comprehensive approach to reduce stable 
bacterial adhesion to surfaces has been limited by incomplete understanding of the regulating 
physicochemical material properties. Physical characteristics such as surface roughness do not 
appear to impact bacterial adhesion consistently, with some studies reporting reduced adhesion 
of S. epidermidis to smoother surfaces100 and others finding no conclusive correlation.90, 100-104  
Material surface charge and/or hydrophobicity have been reported to be crucial during the 
primary, kinetic step of adhesion.18, 105-107  However, several studies have reported no correlation 
between microbial adhesion and hydrophobicity,101, 102 and claimed the presentation of surface 
functional groups capable of charge transfer (Lewis acid/base character of the surface) as the 
critical surface factor governing bacterial adhesion.108-110  As the specific interactions among 
bacteria, solvents, and substrata can each contribute independently to the efficiency of adhesion, 
others have claimed the dominant factor to be total interaction energy between the microbe, 
liquid media, and substrata material, usually expressed as the work of adhesion.110-112 Beyond the 
potential strain-dependence and the convolution of competing factors such as surface roughness 
and surface energy in the synthetic surfaces considered, such contradictory results may indicate 
unrecognized surface properties that modulate bacterial attachment. Here, we engineer material 
surfaces of measured surface roughness, charge density, interaction energy, and elastic moduli to 
consider whether the mechanical compliance of the surface, now widely appreciated to modulate 
31 | P a g e  
   
the adhesion and function of eukaryotic cells,62, 113, 114 may also regulate bacterial adhesion to 
underlying substrata.  S. epidermidis, a spherical Gram positive (G+) microbe, was the 
predominant bacterium type in our study. This microbe serves as an established model for 
bacterial attachment,115  as well as a common cause of medical-device related and hospital-
acquired infections.90, 92, 116  Strategies for prevention of initial colonization and infection with S. 
epidermidis are clinically important, as these strains are increasingly resistant to antibiotics117. E. 
coli, a rod-shaped Gram negative (G−) microbe, and its actin analogue mutant form ΔmreB E. 
coli were also tested to consider whether our observations were limited to only specific strains, 
cell shapes, or Gram-stain classes. 
To vary the physicochemical and mechanical properties of the substrata, we employed a 
class of synthetic polymer thin films termed weak polyelectrolyte multilayers (PEMs) 
comprising the polyelectrolytes poly(allylamine) hydrochloride (PAH) and polyacrylic acid 
(PAA). The chemical functionality and mechanical compliance of such films can be adjusted by 
simple variations of the layer-by-layer assembly conditions such as choice of 
polyanion/polycation or assembly pH,114 and can be applied to a wide range of surfaces requiring 
biofilm prevention including polymers, glasses118, and metals.99  The effective elastic modulus E 
or stiffness of such hydrated films under in vitro culture conditions can be varied over several 
orders of magnitude by manipulation of assembly pH.114 We and others have shown that this 
substrata stiffness modulates tissue cell adhesion independently of physicochemical 
characteristics such as adhesive ligand density.62, 113, 114, 119  Through extensive characterization 
of these tunable polymeric substrata, we demonstrate that S. epidermidis exhibit 
mechanoselective adhesion. As a result, bacterial colonization can be significantly reduced by 
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modulating the compliance of the material substrata, independently of short and long-range 
physicochemical properties of the cell-material interface. 
 
 
2.2 Materials and Methods 
 
2.2.1 PEM Assembly.   
Polyelectrolyte multilayers were assembled as previously described in a layer-by-layer 
(LbL) automated assembly of alternate dipping into polycation/anion solutions.10 10-2 M 
solutions in 18 MΩ Milli-Q water of PAA (poly(acrylic acid); Mw = >200 000 g/mol; 25% 
aqueous solution; Polysciences (previously labeled as Mw = 90 000 g/mol)) or PAH 
(poly(allylamine hydrochloride); Mw = 70 000 g/mol; Polysciences) were pH adjusted using 1M 
HCl and NaOH.  Multilayers were assembled PAA first on aminoalkylsilane coated glass 
(Sigma-Aldrich) or, for Fig. 2.1 only, on medical grade titanium (ASTM F67, President 
Titanium, Hanson, MA). Notation refers to the assembly conditions with the PAA pH followed 
by the PAH pH, i.e., a 3.5/8.6 PEM was assembled using PAA at pH 3.5 and PAH at pH 8.6.  All 
PEMs were prepared to dry thicknesses of ~50 nm, which required variation in the total number 
of layering (dipping) cycles at each assembly pH.  The samples included 2.0/2.0 (9.5 bilayers), 
4.0/4.0 (7.5 bilayers), 6.5/6.5 (49.5 bilayers), 3.5/7.5 (5.5 bilayers) and 3.5/8.6 (5.5 bilayers).  
The following samples studied the effect of masking underlying PEM substrata in Fig. 2.4: 
6.5/6.5 (50 bilayers; PAH topped) plus 0.5 bilayer of pH 2.0 PAA; 6.5/6.5 (49.5 bilayers) plus 
one bilayer of 2.0/2.0; and 2.0/2.0 (9.5 bilayers) plus pH 6.5 PAH.  The propensity for assembly 
pH-modulated extent of ionic crosslinking in these weak PEMs differs significantly from strong 
PEMs used by others in studies for aspirated de-adhesion of eukaryotic cells120. 
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2.2.2 PEM Elastic Moduli. 
The effective elastic moduli E, as determined from nanoindentation force-displacement 
responses acquired from an atomic force microscope (3D Molecular Force Probe, Asylum 
Research, Santa Barbara, CA), were quantified as previously described.114  Silicon nitride 
cantilevers (MLCT-AUHW, Veeco Metrology Group, Sunnyvale, CA) were used to indent 
PEMs to maximum depths of <20 nm with a threshold filter to maintain equal loads for each 
indentation.  The probe radius of curvature Rp was ~50 nm; cantilever spring constant k was 
nominally 0.1 N/m and was experimentally determined for each cantilever.121  Nanoindentation 
was performed in an acoustic isolation enclosure (Herzan, Inc.) at room temperature in 0.2 μm-
filtered PBS or Milli-Q water. Nanoindentation force-depth data were analyzed in IGOR 
(Wavemetrics, Lake Oswego, OR) and E was determined according to a modified Hertzian 
contact model.114 
 Multiple batch runs of the pH assembled PAA/PAH samples were tested on different 
days to identify any sample-to-sample variation and systematic experimental errors. Force-
displacement data were processed prior to analysis using a 25 pass binomial smoothing filter to 
eliminate random fluctuations. Each force curve was then visually inspected and aligned against 
a representative force curve from the same experiment, whereby the force and separation data 
were zeroed by overlaying the corresponding loading regions using a free-scale, non-rotatable 
coordinate system.  Since accurate determination of the initial contact point is a critical issue in 
nanoindentation of compliant polymer films, an additional noise threshold was applied to the log 
P – log Δ representation of smoothed curves to identify this (0,0) point objectively and 
repeatedly. Linear least-square fits of the log P – log Δ representation of smoothed responses 
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were conducted and yielded intercept values from which nominal E were calculated from Eq. (1), 
as previously described 122 
 
   P = (4/3) Rp Er1/2 Δ3/2     (2.1) 
 
where P is applied force, Rp is the radius of curvature of the cantilevered probe, Er is the reduced 
elastic modulus,  and Δ is the depth of penetration into the sample surface 123. For samples of 
compliance much greater than the indenter material (as in the present case), E = Er. 
 
2.2.3 Substrata Surface Energy and Interaction Energy.  
To determine the total interaction energy and surface tension components of the 
substrata, liquid contact angles were measured for the polar solvents water and ethylene glycol; 
and the apolar solvents hexadecane and diiodomethane.  Five to ten measurements were 
performed on each sample using the sessile drop technique, and contact angles recorded for 
static, advancing, and receding drops.  Contact angles were measured using a camera-equipped 
Advanced Surface Systems machine.  Liquid contact angles were used to determine 
thermodynamic properties of the surface-bacterial cell-liquid interface according to the Lewis 
acid-Lewis base theory of Van Oss.110  Using the Van Oss approach, liquid contact angles of 
three or more test solvents are measured and then the nonlinear Van Oss-Young equations are 
then solved simultaneously: 
 
(1 + cosθ) γtotL = 2√(γLWS γLWL) + 2√(γ+S γ-L) +2√( γ-S γ+L)  (2.2) 
 
35 | P a g e  
   
and 
 
γtoti = γLWi + γABi       (2.3) 
 
γABi = 2√(γ+i γ-i)       (2.4) 
 
where γtoti is the total surface tension of a material i, γLWi is the apolar component of the surface 
tension, γABi is the polar component, and  γ+i, and γ-i are the electron acceptor (Lewis acid) and 
electron donor (Lewis base) properties of the material. Van Oss-Young’s equation is solved 
simultaneously to yield the apolar, Lewis acid, and Lewis base components of the interfacial 
tension. The total interaction energy between the bacterial cell and the substrata material is then 
given by: 
 
ΔG =  (γLW1 + γLW2)2 – (γLW1 + γLW2)2 –( γLW1 + γLW2)2 +2[ √γ-W (√γ+1+√γ+2 –√γ+W ) + 
√γ+W (√γ-1 + √γ-2 – √γ-W ) – ( √(γ+1 γ-2)- √( γ-1γ+2) )]    (2.5) 
 
To solve this nonlinear equation, total surface tension of the bacterial surface was 
assumed from a representative slime producing strain of S. epidermidis (RP62A/ATCC 35894); 
the bacterial components of this equation act as constants, and therefore do not affect 
interpretation of trends.  However, additional clinically relevant strains were examined using the 
same technique and were qualitatively similar (data not shown), further indicating that interfacial 
energetics as described by the current formulation of Young’s theory do not adequately address 
the observed effects.  
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2.2.4 Substrata Surface Charge Density.  
Surface charge density Q was analyzed for PEMs 2.0/2.0 and 6.5/6.5 via AFM force 
spectroscopy (3DMFP, Asylum Research), using cantilevered carboxylic acid-functionalized 
polystyrene spheres of approximately 3 μm-radius (BioForce Nanosciences, Ames, IA; nominal 
k ~ 0.1 N/m)  Force-distance curves were first acquired in deionized water using a test surface 
comprised of mercapto-undecanoic acid (MUA) functionalized gold surface with calibrated Q124, 
125 of Q = -18 mC/m2, from which the Q of the colloidal probe was calculated using models 
adapted from Rixman et al.; 124, 125 Force-distance curves were acquired for experimental 
samples in deionized water (ionic strength I = 0.0027 ) or 0.1 M NaCl (I =0.1) after an overnight 
thermal equilibration of the surface and cantilevered probe within the AFM.  The maximum 
deflection of the cantilever on approach to the sample surface was maintained constant via a 
closed-loop algorithm supplied by Asylum Research.  All sample locations were measured a 
minimum of twenty times per approach cycle, over 5-10 locations per surface.  Curves 
representative of the data set were generated by alignment of the contact point, defined as the 
beginning of the region of constant compliance, followed by statistical averaging of the 
respective force and separation curves for a given approach cycle.  The resultant curve for each 
surface location was the average force detected by the average approach vector normal to the 
sample surface.  Measurements that did not possess a region of constant compliance were zeroed 
by  examining for a jump-to-contact region, followed immediately by cantilever deflection; data 
acquired in  I = 0.1 M solvent were compared to data  acquired in Milli-Q water at the same 
distance from the surface to determine where physical deflection occurred.  Representative 
curves were then used for modeling the electrostatic surface charge density to a distance within 5 
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nm of the calculated contact point, and surface charge density calculated from a least squares fit 
of the model to the data 124, 125. 
 
2.2.5 Methylene Blue Staining 
Prepared PEMs were immersed for 15 min in 0.005 M solutions of methylene blue in 
deionized water (pH 7).  The PEMs were then rinsed in two clean water baths for 2 min each and 
dried with an air gun.  Incorporation of methylene blue into the PEMs was measured by UV-Vis 
spectroscopy (λ = 450 – 700 nm) with peak intensities at λ ~580 nm126. 
 
2.2.6 Elimination of Free Carboxylate Charge 
 10 % (v/v) ethanol (VWR) added to 0.1 M 1-ethyl-3-(3-dimethylaminopropyl)-1-
carbodiimide hydrochloride (EDC) (Advanced ChemTech) was adjusted to pH 6.  PEMs 
assembled at pH 4.0 were immersed in the solution overnight, followed by quenching of the 
reaction with 0.1% (v/v) 2-mercaptoethanol (Sigma) for 3 hours.  Samples were rinsed well with 
deionized water and dried under compressed air.  
 
2.2.7 Bacterial Attachment Assays.  
Waterborne bacterial attachment assays were adapted from the protocol of Tiller et al 53. 
Briefly, Miller Luria-Bertani or LB-Miller broth (VWR) was inoculated with a monoclonal strain 
of Staphylococcus epidermidis (S. epidermidis, ATCC # 14990), E. coli (w3100 strain of well-
documented lineage ATTC #14948), or E. coli mutant strain ΔmreB, using a sterile loop and 
incubated overnight at 37oC while shaking. Two 50 mL aliquots of culture were centrifuged at 
2700 RPM for 10 min at 4oC, the LB broth decanted, and the bacterial cell pellets resuspended in 
150 mM NaCl PBS (VWR).  Following resuspension, the cells were centrifuged twice (5 min, 
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2700 RPM) to ensure complete removal of LB broth, with a final resuspension in 18MΩ 
Millipore water.  The resuspension was serially diluted with water from 109 cells/mL (measured 
via optical density) to create suspensions of 103 - 108 cells/mL.  Studies in water were conducted 
at 107 cells/mL for S. epidermidis and 0.5 × 107 cells/mL for E. coli due to overall higher 
adhesion efficiency of E. coli. Samples (in triplicate for each condition) were placed in the 
bacterial solutions for 2 h at room temperature followed by agitation in three water bath rinses, 
each for ׽5 s.  Samples were incubated under 1% LB agar (VWR) gel overnight, and colonies 
counted to determine the ability of viable bacteria to attach to each sample. Initial adhesion 
assays in PBS (Figure 2.2) were identical to those in water, except that final resuspensions 
occurred in PBS and incubation periods occurred at 37 °C with shaking; note that the salt 
titration assay of Figure 2.5 was conducted at room temperature without agitation. Samples with 
few colonies were hand counted.  For densely populated slides, at least 10 digital images per 
sample were acquired with a 4x objective using an inverted optical microscope (Leica), and 
semi-automated image analysis was conducted. To determine colony size and density 
(#colonies/cm2 of substrata), image analysis was conducted using ImageJ (Rasband, W.S., 
ImageJ, National Institutes of Health, Bethesda, Maryland, USA, http://rsb.info.nih.gov/ij/, 1997-
2004) as bundled by the Wright Cell Imaging Facility (http://www.uhnresearch.ca/facilities 
/wcif/download.php).  Images were converted to 8-bit binary format and flattened using a 
pseudo-flatfield filter to normalize the luminescence across the image field. When necessary, the 
ImageJ standard watershed algorithm was applied to separate intersecting colonies, thus 
facilitating more accurate colony counts. Colony densities were determined by normalizing the 
mean colony number per image by the calibrated total image area. Statistical analysis was 
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conducted using the Tukey-Kramer multiple-comparisons post-test analysis of variance 
(ANOVA). 
 
 
2.3 Results and Discussion 
 
2.3.1. Bacterial colonization can be reduced by 
material substrata modifications.   
Although the competing mechanisms remain 
unclear, a large body of data suggests that both 
physical and chemical modifications of a material 
surface can be engineered to limit bacterial 
colonization.15, 53, 94-96, 98, 99, 104, 105 For example, as 
shown in Fig. 2.1, coating a surgical-grade titanium 
alloy with a synthetic PEM of PAA and PAH 
reduced colony density of waterborne S. 
epidermidis bacteria by orders of magnitude after 
immersion in 107 bacteria/mL. Reduced colonization over both 2 h and 4 h incubation timescales 
is relevant to medical procedure durations such as cardiac assist and orthopedic implant 
devices127.  This PEM was ionically crosslinked through layer-by-layer dipping of the titanium 
into polycation and polyanion solutions at pH 2.0 (see Methods) prior to full hydration and 
equilibration in sterile deionized, distilled water.  
Figure 2.1. (0.5) PEMs reduce bacterial 
adhesion on medical grade titanium. Adhesion 
of waterborne S. epidermidis is reduced by 
coating with a pH‐tunable polyelectrolyte 
multilayer (PEM) film of PAA and PAH 
assembled at pH 2.0, and is stable at both 2 h 
(inset; circle indicates one such colony) and 4 h 
incubation duration. Scale bars = 5 mm. 
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2.3.2. Weak polyelectrolyte multilayers 
modulate stable adhesion of s. epidermidis 
bacteria. 
We varied the assembly pH of the PEM 
substrata to consider how such modifications 
might affect S. epidermidis colonization of these 
surfaces.  Assembly of these weak PEMs at pH 
2.0 results in a substrata of much lower stiffness 
(effective elastic modulus E ~ 1 MPa) than at pH 
6.5 (E ~ 100 MPa).114  As shown in Fig. 2.2a, for 
a 2 h incubation of substrata in seeding 
concentrations ranging from 103 to 108 
bacteria/mL of 150 mM NaCl phosphate 
buffered saline, average colony density (number 
of colonies per unit substrata) was greater on 
mechanically stiffer substrata.  For a given 
seeding concentration, the average colony size 
observed after 24 h culture was also much 
greater on the more compliant substrata; this 
suggested that the properties of these substrata 
affected bacterial adhesion and/or colony 
growth.  Figure 2.2b suggests that the observed differences in colony density occurred at the 
adhesion step: colony size depended on colony density for both substrata.  In other words, the 
Figure 2.2. (0.6) Bacterial colonies observed for 103 –
108 S. epidermidis/mL in 150 mM NaCl PBS. (a) 
Average colony number per unit substrata area 
increased with increasing incubation concentration 
for greater than 105 cells/mL; for all concentrations, 
the density of colonies observed on the PEM 
substrata assembled at pH 6.5 (●) was significantly 
greater than that observed on the substrata 
assembled at pH 2.0 (▼). (b) For given initial 
concentration, colony number was greater and 
colony size was smaller on stiffer substrata, 
supporting a model whereby bacteria attachment is 
modulated in part by substrata stiffness, but 
subsequent growth is affected predominantly by 
available space and nutrients. Scalebars = 500 mm. 
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initial bacterial attachment increased with increasing substrata stiffness, but the subsequent 
colony growth was likely limited by available space and nutrients post-adhesion. 
 
2.3.3. Characterization of polymeric substrata properties.   
To consider the characteristics of the polymer substrata that directly affect attachment of 
S. epidermidis, we conducted a larger study in deionized water to eliminate possible charge 
shielding and reorganization of the ionic crosslinks within the PEM substrata in salt solutions. 
For the substrata considered, we quantified the mechanical compliance and the physicochemical 
surface properties considered to affect microbial adhesion. Table 2.1 indicates physicochemical 
and mechanical characteristics of substrata employed in the larger study.  PAA and PAH were 
adjusted to the same pH (e.g., PAA/PAH 2.0/2.0) as well as to different pH (e.g., PAA/PAH 
3.5/7.5) during assembly in order to increase the range of substrata properties.  Atomic force 
microscopy (AFM) imaging of hydrated substrata in tapping mode indicated a range of root 
mean square (RMS) surface roughness from 3 to 30 nm. AFM-enabled nanoindentation of the 
PEMs hydrated in deionized water indicated an average elastic modulus E  
Table 2.1. PEMs used to test physicochemical and mechanical properties affecting bacterial attachment. 
Assembly pHa 
(PAA/PAH) Symbol
b ΔGMWP (mJ/m2) c,d RMS Roughness (nm) d,e E (MPa) d,f 
2.0/2.0 ▼ 29.0 ± 7.5 30.2 ±29.5 0.75 ± 0.05 
6.5/6.5 ● 27.2 ± 8.95 2.7 ± 1.6 80.4 ± 38.0 
3.5/7.5 ♦ 27.2 ± 8.0 12.2 ± 9.0 36.6 ± 5.7 
3.5/8.6 ■ 27.0 ± 6.9 18.5 ± 16.6 73.2 ± 16.6 
aAssembly pH of polyanion and polycation indicated, respectively, for PEMs assembled to ~50 nm dry thickness 
(≥ 57 nm hydrated thickness) with PAA as the last layer. bSymbols used throughout to indicate the 
corresponding PEM in all figures.  cTotal interaction energy ΔGMWP of the microbe‐water‐polymer system.  
dAll 
data expressed as average ± standard deviation.  eRoot mean square (RMS) surface roughness.  fNominal elastic 
moduli E.  
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ranging over two orders of magnitude from the stiffest PEMs assembled at pH 6.5 (E = 80.4 
MPa) to the most compliant PEMs assembled at pH 2.0 (E = 0.8 MPa), consistent with our 
previously reported mechanical characterization of these PEMs in 150 mM NaCl phosphate 
buffered saline (1x PBS).114 
Surface energies of interaction were calculated according to Van Oss’ adaptation of 
Young’s theory,110 which correlates the interfacial tension and surface energy of interaction 
between materials in a solvent.  Four solvents of disparate surface tension and polarity were used 
(see Methods).  The apolar and polar components of this surface tension relate to the Lifshitz-van 
der Waals and Lewis acid-Lewis base (charge transfer) character of each sample, respectively; 
both interactions are thought to influence bacterial adhesion.110 Thermodynamic properties at the 
PEM-liquid interface have been characterized using the Van Oss approach to describe the 
assembly process, but to our knowledge have not been applied in the context of microbe-water-
PEM (MWP) interactions128.  The surface interaction energy ΔGMWP for all PEM substrata 
considered narrowly ranged from 26-29 mJ/m2 and were statistically indistinguishable (see Table 
2.2 for the component determinants of ΔGMWP). 
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Table 2.2. Surface tension components for the microbe‐water‐polymer system used to test physicochemical and 
mechanical properties affecting bacterial attachment.  
PEM  
Assembly pH  
(PAA/PAH)  
Symbol  gTot  (mJ/m2) gAB  gLW  g
+  g-  
2.0/2.0  ▼  48.5  25.1  23.3  48.5  25.1  
6.5/6.5  ●  47.3  21.5  25.8  47.3  21.5  
3.5/7.5  ♦ 47.4  20.5  26.9  47.4  20.5  
3.5/8.6  ■  47.3  20.1  27.2  47.3  20.1  
s. epidermidis  52.7  17.2  35.5  52.7  17.2  
Water  72.8  51.0  21.8  72.8  51.0  
Ethylene glycol 48  19  29  48  19  
diiodomethane  50.8  0  50.8  50.8  0  
hexadecane  27.5  0  27.5  27.5  0  
Components were determined by analyzing the contact angles of several solvents according to Young’s equation 
(see Methods); or were obtained from reported values in the literature.  Data expressed as (mJ/m2) are relative 
to standard assumed values for water. Symbols are used to indicate PEMs corresponding to those found in Table 
2.1.  
 
Initially, we attempted to assess the extent of negative charge present at the fluid-PEM 
interface as indicated by free carboxylic acid groups by staining the PEM samples with the 
common cationic aqueous dye, methylene blue (MB).  In PAA based PEMs, MB incorporation 
occurs due to interaction with “free” negatively charged carboxylate residues along the PAA 
polymer chain that are readily accessible to soluble MB.  PEMs assembled at pH 2.0 and 3.5/7.5 
had  maximum MB absorbance peaks of 0.6 and 0.24 absorbance units, respectively, while the 
absorbance of PEMs assembled at pH 6.5 and 3.5/8.6 was indistinguishable from the 
background. However, it is known that MB blue diffuses somewhat into the bulk of PEMs, and 
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therefore, MB absorbance is not an ideal measure of the surface charge that interacts with 
microbes at the outer PEM surface126.  
A number of options were considered to isolate the effects of potential differences in 
surface charge on bacterial attachment.  In one case, the free carboxylic acids in the moderately-
swelling pH 4.0 system were “capped” with ethanol via a carbodiimide reaction.  After capping, 
the pH 4.0 system did not stain visibly with MB, similar to the pH 6.5 and pH 3.5/8.6 systems.  
This implied that most of the free carboxylic acid groups had been reacted with ethanol. Initial 
modulus measurements indicated that the modulus after capping increased only slightly (from 
~10 MPa to ~15 MPa).  Although possibly a viable avenue for eliminating surface charge, 
capping the PEMs introduced new chemical species (ethanol groups and traces of reactants and 
catalysts).  Because the multilayer system was chosen as a platform to examine surfaces 
composed of identical chemical components, we preferred exploring more direct measurements 
of surface charge to determine if it indeed varied in the different PEMs used here. 
As an alternative,  net surface charge density Q present at the fluid-PEM interfaces of the 
substrata assembled at pH extremes of 2.0 and 6.5 was directly assessed by probing the PEMs in 
deionized water using a carboxylated colloidal sphere approximately the size of a few bacteria (3 
μm radius; see Methods). As PEM assembly relies on charge over-compensation to increase 
substrata thickness, one might expect the observed net-negative Q because the anionic polymer, 
PAA, was layered last.  However, it is important to note that although these polymeric substrata 
are termed multilayers due to the layer-by-layer assembly process, the structure is not striated 
and the polyanion and polycation macromolecular chains are highly entangled.  Charge densities 
of PEMs assembled at pH 2.0 and 6.5 were well within one standard deviation (Q = -2.29 +/- 0.1 
mC/m2 and -3.18 +/- 1.4 mC/m2, respectively); see Fig. 2.3d.  Q was unchanged in solutions of 
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higher ionic strength such as 150 mM NaCl PBS, although charge is effectively screened in such 
ionic solutions. Thus, although MB staining indicates differences in carboxlate density 
throughout the volume of the film, the net surface charge densities of the pH 2.0 and pH 6.5 were 
identical within error.  
In summary, the nominal elastic moduli of these substrata varied over nearly two orders 
of magnitude, while the other physicochemical characteristics considered to regulate bacterial 
adhesion varied to a known or statistically indistinguishable extent. We confirmed that these 
surface properties were unchanged when the substrata were hydrated over the timescales of the 
bacterial incubation assays discussed below.  
 
2.3.4. S. epidermidis adhesion modulated chiefly by substrata mechanical compliance.  
We employed the above ensemble of substrata in a 2 h incubation of 107 cells/mL in 
deionized water and observed the average colony density following 24 h culture under 1% agar.  
S. epidermidis remained viable in ion-free suspensions well in excess of the duration of the 
attachment assays. Figure 2.3a demonstrates strong positive correlation between the substrata 
elastic moduli and colony density, with an approximately 100-fold increase in colony density for 
a 100-fold increase in substrata stiffness. 
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Figure 2.3. (0.7) Colony density as a function of various surface parameters. (a) Colony density varies 
directly with substrata elastic moduli E.  All sample differences statistically significant (1‐way ANOVA, 
a = 0.05, P = 0.0059). (b) Colony density is independent of RMS surface roughness of the substrata. 
Scale bar = 5 mm. (c) Total interaction energy ΔGMWP for the microbe‐water‐PEM system is statistically 
indistinguishable among all substrata considered (1‐way ANOVA, a = 0.05, P =0.987). (d) Surface 
charge density Q, as measured via electrostatic repulsion of a carboxylated spherical probe in Milli‐Q 
water (see Methods), is within standard deviation for PEMs assembled at pH 2.0 (compliant) and pH 
6.5 (stiff). Representative charge repulsion curve (solid) and constant‐surface‐charge model fit 
(dashed) are shown. Symbols refer to the following PEMs: PAA/PAH 2.0/2.0 (▼), 4.0/4.0 (x) in (a) to 
consider intermediate substrata stiffness, 6.5/6.5 (●), 3.5/7.5 (♦), and 3.5/8.6 (■). 
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As substrata stiffness may be correlative with physicochemical surface interactions that 
more strongly or more directly affect this initial bacterial adhesion, we also considered 
correlations with surface roughness, total interaction energy, and charge density. The RMS 
surface roughness varied among the substrata from 3 to 30 nm, yet Fig. 2.3b indicates no 
discernable effect on bacterial attachment over this range and distribution of surface roughness. 
Figure 2.3c shows that the surface interaction energy of the S. epidermidis-water-PEM system 
ΔGMWP was statistically indistinguishable (1-way ANOVA, a = 0.05, P=0.987) among these 
mechanically dissimilar substrata.  Finally, we found net surface charge density to be quite 
similar for the two substrata that differed most in both surface roughness and mechanical 
compliance (PEMs assembled at pH 2.0 and 6.5). In fact, Fig. 2.3d shows that the slight 
interfacial electrostatic repulsion of these PEMs in deionized water (~ -3 mC/m2) extends less 
than 20 nm from the PEM surface. This interaction distance is small compared to the projected 
length of bacteria fimbriae or pili that extend 500 to 1000 nm from the bacterial cell surface18, 129, 
130, suggesting one mechanism by which bacteria overcome such electrostatic repulsion. Thus, at 
least for substrata of comparable surface interaction energies and charge density, it appears that 
adhesion of viable S. epidermidis can be modulated by the mechanical stiffness of the substrata.  
For the physicochemical properties quantified here, S. epidermidis colony density increases with 
increasing substrata stiffness over the range of 1 MPa < E < 100 MPa. 
To further test this hypothesis, we leveraged the tunability of layer-by-layer assembly to 
gradually alter effective compliance of the PEM surface. After assembling stiff substrata at pH 
6.5, we then added 0.5 and 1 bilayer of the compliant PEM at pH 2.0; after assembling compliant 
substrata at pH 2.0, we added 0.5 bilayer of the stiff PEM at pH 6.5 (see Methods). As expected, 
E of the stiff PEM surface decreased upon addition of compliant layers from the extrema of E 
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~100 MPa (pH 6.5) to ~30 MPa 
(pH 2.0, 0.5 bilayer), and  ~1 MPa 
(pH 2.0, 1 bilayer).  Effective E of 
the compliant PEM increased to 
E~100 MPa when topped with 
PAH 6.5, due ostensibly to 
polycation interpenetration and 
crosslinking.131  Figure 2.4 
demonstrates that by changing the 
effective substrata compliance 
through this approach, S. 
epidermidis colony density 
progressively decreased with 
increasing PEM compliance. The 
assembly of such composite films 
has the potential to alter other 
surface characteristics within this substrata set, but the strong correlation between effective 
substrata stiffness and colony density is retained. This gradual masking of mechano-selective 
adhesion is consistent with previous studies on eukaryotic cells,62 but is observed here after 
addition of just a single compliant polyelectrolyte layer; decreased adhesion of fibroblasts is not 
observed until addition of at least five bilayers of the compliant PEM to the stiff PEM. This may 
be attributed in part to the increased forces and distances over which eukaryotic cells can strain 
Figure 2.4. (0.8) Multilayer addition to modulate composite substrata 
stiffness.  Addition of 0.5 and 1 bilayer of PAA/PAH at pH 2.0 onto a 
stiff PEM (pH 6.5) decreases the effective mechanical stiffness of the 
substrata (grey circles) and decreases the bacterial colony density 
(black columns).  Addition of one bilayer of PAA/PAH at pH 6.5 to a 
compliant PEM (pH 2.0) increases effective stiffness (black triangles) 
and bacterial colony density (grey columns).  We observed 
statistically significant differences in the colony densities among the 
masked PEM 6.5 substrata and among the masked PEM 2.0 
substrata, respectively (1‐way ANOVA, a = 0.05 with P = 0.00027 and 
0.0031, respectively). 
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the underlying substrata through actomyosin traction 
at focal adhesions of diameters comparable to a single 
bacterium.132, 133 
 
2.3.5. Mechanoselective adhesion is independent of 
monovalent ion concentration.  
To consider whether the presence of the 
monovalent ions in 150 mM NaCl phosphate buffered 
saline (PBS) strongly affected the observed trends, 
bacterial attachment to the most mechanically distinct 
PEMs (assembled at pH 2.0 and 6.5) was monitored 
over a titration of salt concentrations.  Solution 
molarity of 150 mM approximates physiological ionic 
strength, and the absence of Ca2+ and Mg2+ ions approximates low extracellular calcium levels 
predominantly complexed with serum albumin or negative ions.134 Figure 2.5 shows that there is 
no major change in colony density with increased solution ionic strength (pure water to 150 mM 
NaCl PBS).  More generally, this suggests that the molecular agents involved in this 
mechanosensation are not sensitive to monovalent ionic strength changes over this broad 
spectrum.  Additionally, the Debye screening length, the distance from the substrata surface over 
which electrostatic effects extend through the aqueous media, is a function of the ionic strength 
and is ~100 nm in water (Fig. 3d) and < 1 nm at the highest ionic strength assayed.110  One may 
reasonably conclude that the effect of surface charge density and its associated free energy on 
bacterial adhesion are negligible under all solution molarities in this system, because there is no 
Figure 2.5. (0.9) S. epidermidis colony density 
as a function of solution ion concentration. 
Colony density on compliant substrata (black, E
~ 1 MPa) is lower than that on stiff substrata 
(gray, E ~ 100 MPa), regardless of solution 
monovalent ion concentration in which 107 
cells/mL were incubated with substrata. This 
suggests that activation of mechanosensitive 
monovalent ion channels is not required of 
mechanoselective adhesion in these bacteria. 
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significant change in the adhesion response as the screening length is modulated across different 
length scales.  This titration result is particularly interesting in light of recent hypotheses that 
bacterial sensing of mechanical stimuli may occur through stretch-induced activation of transient 
receptor potential (TRP) ion channels.135-137  Our results suggest that activation of 
mechanosensitive TRP channels is not required. It is also now known that some bacteria possess 
analogs to eukaryotic mechanoactive cytoskeletal components including actin analogues such as 
mreB, molecular motors, and integrin analogues.138  However, although S. epidermidis have been 
shown to express ftsZ (a tubulin analogue that is chiefly involved in cell division), these bacteria 
have not been shown to express actin analogues presumed to be required of eukaryotic 
mechanotransduction via macromolecular focal contacts with the substratum material.135 
 
5.3.6 Mechanoselective Adhesion is also Exhibited by Wild-Type and Mutant E. coli 
The above results raise the possibility that mechanoselective adhesion may be unique to this 
particular strain of S. epidermidis. To address this issue and further probe the origins of this 
mechanoselectivity, we also used the same suite of PEM substrata to assay the adhesion 
efficiency of wild-type (wt) E. coli (K-12 w3100 strain) and a spherical mutant form, ΔmreB. 
This mutant lacks the mreBCD operon responsible for the actin analogue mreB and, thus, the 
rod-like shape of E. coli. Additionally, E. coli are G−, whereas S. epidermidis are G+, indicating 
structural differences in the bacterial cell envelope. As wt E. coli adhesion efficiency to control 
surfaces (e.g., to glass) exceeded that of S. epidermidis under these incubation conditions, the E. 
coli seeding density in these experiments was reduced to 0.5 × 107 cells/mL; otherwise, all 
experimental conditions were identical to those used in the S. epidermidis experiments reported 
in Figure 2.3. Figure 2.6a shows that the colony density of wt E. coli increases directly with 
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increasing PEM substrata stiffness over the previously detailed range of 1 MPa < E < 100 MPa. 
This represents approximately a 1000-fold decrease in colony density over a 100-fold reduction 
in E; on a proportional basis, this is a larger reduction in adhesion efficiency than observed for 
the S. epidermidis. Thus, despite the differences between the biochemical compositions of 
spherical S. epidermidis and rod-like E. coli, both cell types exhibit mechanoselective adhesion 
over this range of substrata stiffness. As in the case of S. epidermidis cultured with the same 
defined substrata, there was no correlation between colony density and substrata characteristics, 
including surface roughness, total interaction 
energy, or charge density. We note that the 
relatively greater cell surface area of E. coli 
(2−8-fold)139, 140 may contribute to the enhanced 
adhesion efficiencies of this bacterium to these 
surfaces; further studies are required to explore 
this possibility. 
To consider the effects of cell shape 
conferred by protein expression, without the 
concomitant effects of varied extracellular 
envelope composition, we also assayed the 
adhesion efficiency of spherical ΔmreB E. coli 
to the substrata of extreme mechanical 
compliance. Figure 5.6b demonstrates that the 
colony density of this actin analogue-mutated, 
G− microbe also correlated directly with PEM 
Figure 2.6. (0.10) ) (a) Wild‐type E. coli exhibit colony 
density (bars) that varies directly with the stiffness 
(symbols) of the PEM substrata. (b) Viable, spherical 
ΔmreB E. coli that lack the actin analogue mreB also 
adhere more readily to the stiffest substrata (E ׽ 100 
MPa) than to the most compliant substrata (E ׽ 1 
MPa). Scalebars = 1 mm. 
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substrata stiffness. These ΔmreB E. coli exhibited a 100-fold reduction in colony density with a 
100-fold decrease in E, a rate of change comparable to that observed for the spherical S. 
epidermidis over the same range of conditions. Thus, although this represents an admittedly 
incomplete survey of bacterial strains and types, these data demonstrate that the correlation of 
viable bacteria adhesion efficiency with substrata stiffness is not unique to only the G+, spherical 
S. epidermidis. Bakker et al. have noted mild, positive correlation of substrata stiffness with 
adhesion of marine bacterial strains under certain flow chamber conditions, but not others, to 
polyurethane surfaces141, 142; these authors considered much stiffer substrata over a considerably 
narrower range of E than those of the present study (1500 MPa < E < 1900 MPa) and did not 
report possible differences in surface charge density among those substrata. Thus, systematic 
consideration of the generality of this dependence for other bacterial strains, incubation 
conditions and substrata characteristics, including stiffness, remains an important topic for future 
studies. 
Although complete elucidation of the molecular mechanisms responsible for this new 
observation is beyond the focus of this paper, our results indicate that neither stretch responsive 
monovalent ion channels, cell envelope composition indicated by Gram-staining, nor cell shape 
are required and/or causal elements. Alternatively, it is possible that bacterial fimbriae/pili, 
which are constitutively expressed by the bacteria considered herein18, 129, 130, mediate a 
mechanoselective process similar to the so-called catch-bond mechanism posited to explain 
effects of shear flow stress on cell adhesion dynamics: the lifetime of noncovalent interactions 
can be increased under external mechanical force.135, 143 As bacterial pili collide with and sample 
substrata during incubation, the mechanical resistance of the material to pili retraction would 
increase with increasing substrata stiffness; this stabilization on stiffer substrata could increase 
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the lifetime of pili-substrata interactions during the fast step of bacterial two-stage binding 
kinetics.18  S. epidermidis and E. coli possess several glycosylated substructures at both the pili 
and extracellular capsule18, 129, 130 known to form attachments to materials and capable of 
complex interactions similar to those observed in other bacterial species that form pili catch-
bonds. Thorough consideration of this and other proposed mechanisms of this mechanoselective 
adhesion is the focus of ongoing work.  Together, these results do not invalidate the 
physicochemical effects reported to influence microbial adhesion. Clearly, several competing 
surface features affect bacterial adhesion, viability, and subsequent colonization. Rather, the 
current study demonstrates that mechanical compliance of the substrata presents an important 
additional factor contributing to stable adhesion of viable bacteria. 
 
5.4. Conclusions 
We find that the adhesion of viable, colony-forming S. epidermidis and E. coli correlates 
positively with increasing elastic modulus of weak polyelectrolyte multilayered substrata over 
the range 1 MPa < E < 100 MPa. To our knowledge, this is the first demonstration that substrata 
stiffness affects the adhesion of viable prokaryotes, such as bacteria, independently of other 
surface characteristics. These observations were not attributable to differences in posited 
physicochemical regulators of bacterial adhesion, including RMS surface roughness, surface 
interaction energy, and surface charge density of the PEM thin films. For the bacteria 
concentrations considered, neither divalent ions nor monovalent ions such as Na+ and Cl− are 
required for this mechanosensory function, suggesting that activation of TRP ion channels is not 
required for mechanoselective adhesion of S. epidermidis. Further, quantitatively similar trends 
in wt and ΔmreB E. coli confirmed that this correlation is not limited to a single type or shape of 
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bacteria. Although the underlying mechanisms require further study, it is clear that the 
mechanical stiffness of nanoscale polymeric substrata can strongly modulate adhesion of viable 
bacteria in aqueous suspensions, independently of several other interactions at the cell−material 
interface. Thus, mechanical compliance of material surfaces represents an additional design 
parameter by which colonization of both beneficial and potentially infectious bacteria can be 
modulated.
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CHAPTER 3 
3. Reversibly Antibacterial Polyelectrolyte Multilayers 
 
3.1 Introduction 
There is an emerging understanding of the material properties affecting the antimicrobial 
properties of synthetic thin films.  Prevention of bacterial attachment and subsequent bacterial 
infections has been approached in three general ways.  One method has been to create a surface 
that, although not bactericidal, resists bacterial attachment.  For example, anti-adhesive 
polyelectrolyte multilayers (PEMs) incorporating poly(ethylene glycol)20 and other highly 
swellable, low modulus materials have been shown to greatly reduce the attachment of 
bacteria144.  Others have found that, under certain conditions, hydrophobicity145 and surface 
roughness146 can modulate bacterial attachment. Some argue that DVLO ((Derjaguin, Landau, 
Verwey, and Overbeek) theory, evaluating a combination of Lifshitz–van der Waals and 
electrostatic interactions, explains attachment of microbes to surfaces, and they have attempted 
to optimize surfaces to minimize attachment147.   Another method of biofilm prevention seeks to 
kill bacteria before colonization by leaching antibacterial species like silver ions6, 148 or 
antibiotics149.  The third approach is the creation of contact-killing surfaces, usually containing 
covalently attached cationic antimicrobials like quaternary ammonium compounds15, 150, 151, alkyl 
pyridiniums4, 152, 153 or quaternary phosphonium154.  Multiple mechanisms of action have been 
proposed for how these cationic species are able to disrupt the bacterial cell membrane152, 155, 
some requiring hydrophobic chains of certain lengths to penetrate and burst the bacterial 
membrane.  Nevertheless, it has been shown that high levels of positive charge are capable of 
conferring antimicrobial properties irrespective of chain length, perhaps by an ion exchange 
mechanism between the bacterial membrane and the charged surface152, 156.  In addition, studies 
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of cationic polymer cytotoxicity with eukaryotic cells have found that linear charge density and 
chain flexibility also greatly determine the degree of cytotoxicity82, 157, and charge density and 
mobility can also be factors in antimicrobial efficiency158. These findings create the possibility of 
engineering a variety of positively charged surfaces to create a range of contact-killing materials. 
The PEM assembly process distinguishes itself as a safe, water-based and versatile 
technique for creating coatings.  Glass, silicon, plastics, metals, colloids and even cells have been 
coated with PEMs for a huge variety of applications.  One of the most useful aspects of PEMs is 
their sensitivity to assembly and post-assembly conditions.  For example, addition of salt to a 
polymer bath can change both the chain conformation and the layer thickness.  Chemical, 
thermal or UV crosslinking can significantly alter the stability of a given PEM159, 160 and 
exposure to high ionic strength can etch away layers161.   
Manipulating pH, both during and after assembly, is perhaps the richest method of PEM 
architecture control.   We and others have shown that with a given pair of polymers, 
manipulation of pH conditions during and/or after assembly can significantly alter layer 
thickness10, 126, swellability62, elastic modulus162, charge density126, surface roughness, 
porosity163, 164, surface wettability126, index of refraction12, layer interpenetration126 and bulk and 
surface composition10, 165.  Adjustment of these material parameters can control, for example, 
cytophilicity62, 162 and anti-reflection properties12.  Certain PEMs are pH responsive and therefore 
can be used for drug and dye uptake and release16, 166 and nanochannel gating167.   
In this work, we build on previous research using pH to control key material parameters 
on surfaces of identical chemical composition, tuning the layer-by-layer technique to create 
surfaces with the necessary charge density and chain mobility to confer antimicrobial properties. 
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We show that assembly and post-assembly pH manipulation of a model PEM system can turn an 
adherent and non-toxic coating into a highly bacteria-resistant and antibacterial PEM.  This 
antibacterial and anti-adherent functionality can be again switched off with subsequent pH 
treatment.  Unlike most systems (such as grafted polymer surfaces) that require working at 
different pH conditions to adjust degree of ionization, our system displays a “molecular memory 
effect,” creating surfaces of identical chemical composition with very different properties at 
neutral pH depending on the previous pH treatments168. The polyelectrolyte multilayers 
discussed here are therefore an ideal platform for evaluating the effects of cationic surface charge 
and polymer chain and charge presentation on antibacterial properties. 
Our earlier research has shown that highly swellable, low moduli surfaces inhibit aqueous 
bacterial attachment144.  Others have shown that cationic polymers such as chitosan can be 
incorporated into PEMs to create efficient contact-killing surfaces49, 50.  Thus, we have the ability 
to engineer a surface with two methods of colonization prevention: low modulus to resist 
attachment and mobile cationic charges as biocides. The versatility of the PEM technique allows 
for a degree of control difficult in other systems, and thus, PEMs are a useful model for studying 
parameters affecting anti-adhesive and antibacterial properties.   
Here, techniques were developed to create sufficiently positively charged surfaces with 
the necessary chain mobility for antimicrobial functionality and bacteria-resistance.  A model 
system comprised of cationic poly(allylamine hydrochloride) (PAH) and anionic poly(sodium 4-
styrene sulfonate) (SPS) was used as illustration. Two strains of Staphylococcus epidermidis (S. 
epidermidis), one biofilm forming and one non-biofilm forming, and two strains of Escherichia 
coli (E. coli) were chosen as model gram positive and gram negative bacteria challenges.  Both 
airborne antibacterial capabilities and aqueous attachment were studied.  In addition, other 
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polymer systems were briefly investigated to expand the application of antibacterial PEMs.  
Although the majority of the study focuses on the SPS and PAH PEM system, the general 
concept, adjusting assembly and post-assembly conditions to create highly swellable systems 
and/or high mobile cationic charge density, can be applied to tune other multilayers to produce 
antibacterial capabilities.  
3.2 Materials and Methods 
3.2.1 PEM Assembly:  
Polyelectrolyte multilayers were assembled in the manner previously described 10, 62. All polymer 
solutions were prepared with deionized water (0.01 M, based on the repeating unit molecular 
weight).  SPS/PAH PEMs were assembled on plain glass slides (VWR) with SPS (poly(sodium 
4-styrene sulfonate) Mw = 70,000 g/mol; Aldrich)  and PAH (poly(allylamine hydrochloride); Mw 
= 70 000 g/mol; Polysciences) that were pH adjusted using 1M HCl and NaOH.  The 
multilayers, assembled with the polymers adjusted to pH 4.0 or pH 9.3 (for pH 9.3 assembly, 
rinse baths were also adjusted to pH 9.3), were 15.5 bilayers thick (with PAH on top).  Note that 
0.1M NaCl was added to the pH 4.0 polymer solutions to ensure good film growth.  Acid treated 
SPS/PAH films were immersed in water at pH 2.5 for 15 minutes, rinsed thoroughly in deionized 
water and dried with compressed air. An additional multilayer system included PAH assembled 
with the weak anionic polyelectrolyte PAA (poly(acrylic acid); Mw = >200 000 g/mol; 25% 
aqueous solution; Polysciences (previously labeled as Mw = 90 000 g/mol)).  These other 
multilayers were assembled anion first on aminoalkylsilane coated glass (Sigma-Aldrich).  
PAA/PAH samples were made with both polymers adjusted to pH = 2.0 (9.5 or 10 bilayers), 4.0 
(7.5 or 8 bilayers) and 6.5 (49.5 or 50 bilayers), with both PAA and PAH on top.  Samples with 
PAA at pH 3.5 and PAH at pH 7.5 and 8.6 were also assembled with both PAA (5.5 bilayers) 
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and PAH (6 bilayers) as the final layer.  All PAA/PAH samples were assembled to have a final 
dry thickness of ~ 50 nm.   For Figure 1, a hydrogen-bonded system of PAA and 
poly(acrylamide) (Mw = 600,000 – 1,000,000 g/mol; Polysciences) were assembled on 
aminoalkylsilane-modified slides with 10.5 bilayers (PAA topped). All polymer baths and rinse 
baths were adjusted to pH 3.0 during hydrogen-bonded PEM assembly. PAA/PAAm samples 
were lightly crosslinked at 100°C for 24 hours so they would remain intact in physiological 
conditions.  For all ellispometry measurements, single-crystal polished silicon wafers (p-type, 1-
50 M  cm, [100] orientation, WaferNet) were used as substrates.  Note that PAA/PAH films 
built on silicon were 0.5 bilayer thicker due to the negative charge of the silicon versus the 
positive charge of the aminoalkylsilane coated glass slides. For streaming zeta potential 
measurements, the PEMs were assembled on 0.02” thick polycarbonate (Grainger).  The notation 
used to refer to PEMs throughout this paper is:  
P1/P2   pH1/pH2 
where P1 is the polyanion, P2 is the polycation, pH1 is the pH of deposition of the polyanion and 
pH2 is the pH of deposition of the polycation.  
3.2.2 Thickness and Swelling Measurements:  
Spectroscopic ellipsometry (M-2000D, J. A. Woollam Co., Inc.) was used to determine the 
thickness of PEMs.  Swelling experiments, performed using in-situ ellipsometry in the manner 
described previously169, were conducted after equilibrating the samples for 10 minutes in 
deionized water.  The PEMs assembled evenly on the Si for ellipsometry measurements and 
were assumed to be equivalent to PEMs grown on glass after the initial few layers.  
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3.2.3 QCM-D Analysis 
SPS/PAH 9.3/9.3 films with 6.5 bilayers (designated (SPS/PAH 9.3/9.3)6.5) were assembled on 
SiO2 coated crystals (Q-Sense).  Analysis was performed on an E4 Q-Sense Quartz Crystal 
Microbalance with Dissipation. After a baseline was acquired in pH 9.3 water, aqueous solutions 
at pH 2.5 or pH 11 were flowed over the crystal surface at a rate of 0.1 mL/min, and changes in 
dissipation and frequency were measured.  
3.2.4 Rose Bengal Dye Absorption:  
Samples were immersed for 15 min in a 10-3 M solution of Rose Bengal, an anionic dye that 
binds to positive charge, adjusted to pH 5.5.  The samples were rinsed twice with deionized 
water and dried with compressed air.  Absorbance was measured with a Varian Cary 5E 
spectrophotometer. 
3.2.5 Streaming Zeta Potential Measurements:    
PEMs were assembled on polycarbonate slides cut from large sheets and placed (two at a time) 
in a 500 micron sample holder. Streaming zeta potential was measured at pH 6.8 with 1mM KCl 
electrolyte using a ZetaCAD (Laval Lab, Inc.) streaming potential analyzer.  
3.2.6 Micron Particle Attachment:  
1.0 micron diameter carboxylate-modified fluorescent latex beads (2.5% aqueous suspension, 
Sigma) were diluted 1:1000 in deionized water and adjusted to pH 6.5.  Samples were immersed 
in the suspension for 1 hour, rinsed twice with deionized water and dried with compressed air.  
Samples were imaged in fluorescent mode at 50 X magnification with a Zeiss Axioplan 2 
UV/visible microscope. At least five pictures of each sample were collected.  Results are 
presented as average number of particles per image.  Zeta potential measurements on the latex 
particles were acquired with a Brookhaven Instruments Zeta-PALS analyzer.  
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3.2.7 Aqueous Bacterial Attachment Assays (or waterborne bacterial assays):  
Bacterial attachment was assayed as described previously144.  Briefly, monoclonal 
Staphylococcus epidermidis (S. epidermidis, ATCC # 14990 (non-biofilm forming) or ATCC # 
35984 (biofilm forming)) or Escherichia coli (E. coli, ATCC # 700728 or ATCC # 14948) were 
grown overnight in LB-Miller broth (VWR).  The incubation was centrifuged at 2700 rpm, 
decanted and resuspended in 150 mM NaCl PBS (VWR) three times (10 min, 5 min, 5 min).  
The final resuspension was diluted to a density of 109 cells/mL measured via optical density. 
This resuspension was then diluted in sterile deionized water to107 cells/mL.  The PEMs were 
placed in the diluted bacterial suspensioin for 2 hrs at room temperature and rinsed thoroughly in 
3 water baths. Samples were incubated under 1% LB agar (VWR) gel overnight, and colonies 
counted to determine the ability of viable bacteria to attach to each sample.  Samples with few 
colonies were hand counted.  For densely populated slides, at least 10 digital images per sample 
were acquired with a 4x objective using an inverted optical microscope (Leica) and the total 
number of colonies per slide was extrapolated. Results were presented as either colony density / 
area or as a normalized colony density calculated as follows: normalized colony density = 
average colony density for sample / average colony density for glass control. By definition, the 
normalized colony density of glass was equal to one.  All experiments were performed in 
triplicate, except for one experiment with biofilm-forming S. epidermidis in which four samples 
were tested.  
3.2.8 Airborne Antibacterial Assays:  
Airborne assays were based on the protocol discussed by Klibanov et. al170. Overnight bacterial 
cultures (~109 cells/mL) were diluted 1:100 in sterile deionized water unless otherwise noted.  
The dilution was sprayed onto the sample surface using a gas chromatography sprayer (VWR 
International, cat. no. 21428-350).  Without rinsing, samples were immediately placed in 100mm 
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Petri dishes (VWR) and covered with 1% LB agar gel overnight at 37C.  Resulting colonies were 
counted as described above.  For airborne studies on PAA/PAAm and PAA/PAH samples, a 
slightly different protocol was used. Bacterial suspensions of 109 cells/mL were prepared as 
described for the waterborne attachment assays (centrifuged and measured for an optical density 
of 1 in PBS) and diluted to 2 x 106 cells/mL in sterile deionized water.  Fine mists (d~ 5-100 μm) 
were sprayed at 1 μl/cm2•spray for a total of 6×103 bacterial cells/cm2.  SPS/PAH samples 
showed identical trends for both spray methods.  Log kills were reported using the following 
convention: log kill = log 
(number of colonies on glass 
control) – log (number of 
colonies on sample).  All 
experiments were performed in 
triplicate.  
 
3.3 Results 
3.3.1 Airborne Antimicrobial 
Assays:   
The antibacterial 
properties of cationic species 
have been extensively 
documented4, 15, 54, 152, 156.  
Cationic polymers, both with and 
without hydrophobic chains, 
have been used to effectively kill 
Figure 3.1. (0.11) Airborne S. epidermidis (14990) challenges showing 
no antibacterial activity on (a) PAA/PAH films (labeled with the pH of 
deposition  and the identity of the top layer), (b) SPS/PAH films 
assembled at pH 4.0 with 0.1 M NaCl (PAH as top layer) and (c) 
PAA/PAAm films assembled at pH 3.0 and thermally crosslinked (PAA 
as top layer).  All samples statistically identical to glass controls 
(student’s t‐test, p<0.05). 
 
   
64 | P a g e  
a broad spectrum of bacteria. The cationic polymers present in PEMs have high linear charge
density, but their typical form in a multilayer, strongly coupled with anionic species, does not 
produce any antibacterial activity even when the cationic species is the top layer.  The cations are 
not “free” or unbound, able to induce bacterial death.  As shown in Figure 3.1, commonly used 
polymer combinations (SPS/PAH and PAA/PAH) assembled under typical conditions (with both 
polymers at the same pH) do not possess any airborne antibacterial properties against a model 
non-biofilm forming S.epidermidis strain.  The cross-linked hydrogen bonded system 
PAA/PAAm, which likewise lacks free cationic charge, also does not exhibit any biocidal 
activity (Figure 3.1c). However, as a surface modification process, PEM assembly offers a 
unique advantage. The tunability of the PEM process can be exploited and surface parameters 
can be adjusted to create desired functionalities. For example, adjusting assembly and post-
assembly pH can create surfaces with drastically different swellabilities and free cationic charge 
(not coupled with an anionic polymer), two factors that greatly influence bacterial adhesion and 
microbicidal abilities.  One way to tune surface properties results from the pH-dependent degree 
of ionization of weak polyelectrolytes (e.g., PAA and PAH).  Our earlier research showed that 
highly swellable, low modulus PEMs like PAA/PAH assembled at pH 2.0 decreased aqueous 
bacterial attachment, but could not completely prevent bacterial growth.  In that case, PAA, with 
a solution pka of pH ~6.5171, was assembled into the film with a low degree of ionization, leaving 
many uncharged carboxylic acid groups unbound to the cationic polymer.  When exposed to 
neutral physiological pH conditions, the carboxylic acids deprotonated and created a film with 
excess negative charge that swelled due to charge-charge repulsion.   To overcome the challenge 
of creating antimicrobial surfaces, many researchers have incorporated antibacterial species, 
 
   
including silver ions6, 15, quaternary ammonium salts15, chitosan22, 27, 49, 50, antibiotics28, 
enzymes8, etc.   
PEMs assembled from SPS and PAH at high pH assembly conditions have been shown to 
exhibit large, reversible swelling transitions with post-assembly acid treatment168.  This 
reversible change, illustrated in Figure 3.2,  has been associated with the acid-activated opening 
of hydrophobic PAH clusters and the 
reforming of those clusters at high pH 
(> pH 10)169.  PAH, with a solution pka 
~ 8.8171, contains hydrophobic clusters 
comprised of uncharged amines along 
the backbone in solution at pH 9.3.  
Hydrophobic clusters of PAH 
assembled into a film at high pH are 
opened at low pH (<pH 4), creating an 
excess of free ammonium groups that 
leads to high film swellability.  The as-
assembled film with hydrophobic 
clusters is termed “as-deposited” or 
“unswollen” throughout this work, 
while the PEM that has been treated at 
low pH is termed “acid-treated” or 
“swollen.”  Since the swelling 
transition has a large hysteresis, acid 
Figure 3.2. (0.12) Schematic of acid‐activated opening of 
hydrophobic clusters comprised of amine groups in SPS/PAH 
9.3/9.3 PEMs.  The hydrophobic clusters can be reformed 
with subsequent treatment at high pH. 
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treated PEMs remain highly 
swellable up to ~pH 10. The 
hydrophobic clusters of 
deprotonated amines can be 
reformed with subsequent high 
pH treatment (greater than pH 
10).  Reformed clusters remain 
intact until the pH is again 
dropped below ~pH 4. The 
film acts as a “molecular 
memory,” remaining highly 
swollen or unswollen at n
pH depending on previous p
treatment.  Although all bacteria experiments were performed at neutral pH, the films behaved 
differently depending on whether they had been previously acid-treated to protonate the unbound 
amine groups. Throughout the study, SPS/PAH films assembled at pH 4 were used as additional 
control samples.  These films were assembled with PAH containing fully protonated ammonium 
groups and did not undergo any significant changes upon treatment in solution at low pH.  Figure 
3.3 shows that the free ammonium groups present in the swollen SPS/PAH 9.3/9.3 acid-treated 
PEM led to cationic killing of bacteria in airborne antibacterial studies.  After an acid-treated 
SPS/PAH 9.3/9.3 PEM was immersed in a solution at high pH (pH 11), the hydrophobic clusters 
reformed and antibacterial activity was lost (Figure 3.4).  The cycle was repeated, with films 
undergoing a second acid treatment once again demonstrating antibacterial capabilities. Note that 
eutral 
H 
Figure 3.3. (0.13) Spray (airborne) antibacterial test results on glass and 
SPS/PAH 9.3/9.3 as deposited and acid treated samples for non‐biofilm 
forming S. epidermidis (ATCC strain 14490), biofilm forming S. epidermidis
(ATCC strain 35984), E. coli ATCC strain 14948 and E. coli ATCC strain 
700728.  All acid‐treated films are statistically distinguishable from glass 
and as‐deposited samples (student’s t‐test, p<0.05). 
   
SPS/PAH 4.0/4.0 control samples, both as-deposited and acid-treated, were statistically 
indistinguishable from the glass controls (student’s t-test, p<0.05).  Both biofilm-forming and 
non-biofilm-forming strains of gram positive S. Epidermidis showed high levels of cell toxicity 
on the SPS/PAH 9.3/9.3 acid treated samples.  The biofilm-forming strain showed ~log 2.5 kill, 
and the non-biofilm-forming strain showed ~log 3 kill.  Gram negative E. coli showed much 
lower levels of cell toxicity, with only ~50% kill on the acid treated samples.  Many other 
researchers have seen increased surface-contact killing efficiencies against Gram positive 
strains2, 33, 54, 172.  The different cell walls of gram positive and gram negative bacteria interact 
differently with cationic charge, leading to different antibacterial efficiencies 173.  Gram positive 
bacteria contain a simple cell wall composed of a thick peptidoglycan outer layer. Gram negative 
bacteria have a  more complicated cell wall containing much less peptidoglycan and two 
additional layers (the periplasmic space and the lipopolysaccharide layer (outer envelope)).  In 
particular, the lipopolysachharide layer protects the Gram negative cell,  leading to lower cell 
membrane permeabilities174.  Gram negative cells can also change their outer envelope 
composition in response to quaternary ammonium compounds for added protection175.  For the 
cationic surfaces that have successfully eliminated Gram negative bacteria, hydrophobic alkyl 
chains of specific lengths seem to be necessary2-5.  The SPS/PAH 9.3/9.3 system, lacking alkyl 
chains, would therefore not be expected to be extremely effective against Gram negative 
microbes.  In future experiments, charged chains incorporating these alkyl segments (e.g., those 
developed by Klibanov et al.3, 4) could be included in PEMs assembled under the correct 
conditions to impart broad spectrum antibacterial functionality.  
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Figure 3.4. (0.14) Airborne antibacterial tests with S. 
epidermidis (non‐biofilm forming strain) with films 
that have been cyclically pH treated to create swollen 
films (acid‐treated) and unswollen films (pH 11‐
treated).  
It should be noted that, as found 
previously, the swelling transition in the 
SPS/PAH 9.3/9.3 system slowly diminished 
over the course of several weeks in a non-
vacuum environment, likely due to a new 
molecular organization caused by increased 
chain mobility in a plasticizing humid 
environment168, 169. Airborne antibacterial 
activity against S. epidermidis likewise 
decreased after one week and virtually 
disappeared after one month (Figure 3.5).  
Nevertheless, the SPS/PAH 9.3/9.3 system, with 
antibacterial capabilities in the swollen state 
resulting from mobile excess positive charge, is 
an excellent model system to evaluate the charge 
and structural components necessary to kill and 
resist bacteria. 
Figure 3.5.(0.15) Airborne antibacterial activity of 
SPS/PAH films 9.3/9.3 as deposited and acid‐treated 
after one week (“1 Wk”) and one month (“1 Mon”). 
3.3.2 Waterborne antibacterial assays:   
To further test the capabilities of the SPS/PAH system, we tested bacterial growth after 
immersion in aqueous solutions of bacteria at neutral pH.  In this situation, two factors 
influenced final colony density:  the number of bacteria that were able to form stable attachments 
with the surface and the number of bacteria that were killed. As shown previously, highly  
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swellable PEMs correspond to highly compliant surfaces162.  In earlier work, we showed that 
surface stiffness correlated positively with bacterial attachment144.  Low modulus surfaces 
enabled less stable bacteria attachment.  Thus, it was anticipated that the highly swellable and 
highly antibacterial SPS/PAH 9.3/9.3 acid treated surface would show very little or no colony 
growth in comparison to the control samples.  As seen in Figure 3.6, no S. epidermidis colonies 
and few E. coli colonies grew on the SPS/PAH 9.3/9.3 acid-treated surfaces. This indicated that 
Figure 3.6. (0.16) Waterborne bacteria experiments  on glass (circles), SPS/PAH 9.3/9.3 as‐deposited  (squares) 
and acid‐treated (triangles) with (A) S. epidermidis 14990, (B) E. coli 14948, (C) S. epidermidis 35984 and (D) E. 
coli 700728.  Insets in (A) and (C) are enlarged to show the differences between the as‐deposited and acid‐
treated samples. For all strains, colony growth was most efficiently reduced on SPS/PAH 9.3/9.3 acid‐treated 
samples. 
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the highly swellable surface repelled the majority of the bacteria, and those that did form stabl
attachments with the surface were killed by the cationic effect. The as-deposited films show
some bacterial resistance, perhaps due to protonation of some of the amine groups in the 
hydrophobic clusters at the very surface of the film and/or increased chain mobility at the film 
surface in an aqueous environment.  However, the as-deposited system was not optimized to 
present maximal free, mobile cationic charge, and most of the amine/ammonium groups were 
involved in hydrophobic clustering or electrostatic binding with SPS. More reliable and higher 
levels of bacterial resistance were seen on the highly swellable acid-treated system.  Note that n
colony reduction was seen on SPS/PAH 4.0/4.0 as-deposited or acid-treated samples with
the bacteria strains. Thus, the unique charge density, charge presentation and film swellability o
the SPS/PAH 9.3/9.3 acid-treated system were essential for maximum aqueous bacterial 
resistance.  
To confirm that the SPS/PAH 9.3/9.3 surface contained sufficient cationic charge and 
chain mobility for microbiocidal properties, we built on previous characterization of this PEM 
system168, 169.  As noted earlier, a large discontinuous swelling transition occurred when an 
SPS/PAH film assembled at high pH (8.5 or greater) was immersed in a low pH solution.
in-situ ellipsom
e 
ed 
o 
 any of 
f 
3.3.3 Multilayer characterization:  
  Here, 
etry verified that the pH 2.5 acid-treated SPS/PAH 9.3/9.3 PEMs swelled more 
orne bacteria test conditions) while the as-
deposit
s 
Ms 
than 700% in ~pH 6 water (similar to the waterb
ed SPS/PAH 9.3/9.3 PEMs only swelled about 30% .  This large swelling was due to 
electrostatic repulsion after the breakup of hydrophobic amine clusters and the creation of exces
positive charge in the acid-treated PEM.  The 15.5 bilayer as-deposited SPS/PAH 9.3/9.3 PE
had a dry thickness of ~60nm.  Quartz crystal microbalance with dissipation (QCM-D) assays, 
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shown in Figure 3.7, were performed with (SPS/PAH 9.3/9.3)6.5. Huge increases in dissipation, 
indicative of a high swelling, and huge decreases in frequency, indicative of a large uptake 
water in the film, were seen when pH 2.5 water was flowed over the sample surface. This 
swelling transition could be reversed by flowing pH 11 water over the surface.  The cycle was 
repeated a twice.  Note that the swelling and de-swelling transitions did not reach equilibrium in 
the time alloted, so the full extent of the transition is not visible.  However, QCM-D data clearly
shows a reversible transition from a highly dissipative and hydrated state to a more rigid state.  
  The presence of free cationic charges in the films was confirmed by staining with Rose 
Bengal, an anionic dye. Unlike the as-deposited SPS/PAH 9.3/9.3 films, the large number of free 
ammonium groups in the swollen films stained darkly with Rose Bengal at pH 5.5.  After 15 m
incubation in the dye followed by rinsing, a maximum absorbance of 0.15 was measured for 
of 1.25 was measured in the acid-treated films.  The high absorbance in the acid-treated films 
of 
 
in 
glass slides coated on both sides with 60 nm as-deposited PEMs whereas a maximum absorbance 
was indicative of an extremely swollen structure with many unbound positive charges.  The low, 
Figure 3.7. (0.17) QCM‐D data showing changes in frequency (black line) and changes in dissipation (grey line) to 
qualitatively illustrate swelling transitions in SPS/PAH 9.3/9.3 PEMs.  Downward arrows point to times when the 
pH of the flowing water was changed. 
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but existent staining on the as-deposited samples indicates the presence of a small amount of fre
ammonium groups. This finding supports our other work describing the formation of gold 
nanoparticles in SPS/PAH films via coupling of anionic gold precursors with positive charge and 
subsequent reduction176.  Although the SPS/PAH 9.3/9.3 acid-treated PEMs were capable of 
forming many more gold nanoparticles, the as-deposited films showed a small amount of gold 
formation.  Consistent with the idea that the cationic charges in SPS/PAH 4.0/4.0 PEMs (both 
deposited and after acid-treatment) are strongly coupled to the polyanion, these films adsorbed 
no Rose Bengal and were not capable of any nanoparticle formation.  
The number of free ammonium groups per unit area in the acid treated film was 
calculated with data from the literature indicating that an SPS/PAH 9.3/9.3 PEM contains 72 
mol% PAH and that the PAH degree of ionization after acid treatment rises from 70% to 95%
With a dry film thickness of ~60 nm and an assumed PEM density of ~1.17 g/ cm3 (SPS 
3 3 177 15
free charged amines/cm2 in the acid-treated PEM.   Others have found that a cationic charge-
density threshold of 1013 - 1014 charges/cm2 is necessary for complete kill o
e 
as-
169.  
homopolyer = 1.18g/ cm , PAH homopolyer = 1.15g/cm ) , there are approximately 8 x 10  
f E. Coli and S. 
Epiderm ines/cm2 idis152.  Since acid-treated SPS/PAH 9.3/9.3 PEMs have  ~1016 charged free am
(throughout the whole volume of the film), it is probable that bacteria were exposed to the 
threshold charge density.  
Streaming zeta potential or streaming potential, E, was measured to further characterize 
the PEM systems by evaluating the charge at the very surface of the film as opposed to 
throughout the bulk of the film.  Streaming potential measures the electric current generated as 
an electrolyte is driven across a channel with charged walls (here, the PEM) and is related to the 
surface zeta potential, ξ, as follows:  
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ξ = ληE/εP      (Eq. 3.1) 
where λ is the electrical conductivity of the solution, η is the viscosity of the solution, ε is the 
permitt
at pH 
e streaming zeta potentials for the SPS/PAH 4.0/4.0 system 
generally agreed with th
literature177-180.  Interestingly, acid treating the pH 9.3 samples did not produce a significant 
er 
d 
171, 174, 
175
lts are shown in Table 3.1.  As expected, the 
SPS/PAH 4.0/4.0 PAH topped sample adhered many particles, while the SPS topped surface 
adhered  
 
ivity and P is the pressure across the cell.  Streaming potentials were measured using 1 
mM KCl at pH 6.8 as the electrolyte.  As can be seen in Table 3.1, the PEMs assembled 
9.3 (with PAH on top) had significantly higher streaming zeta potential than the PEMs 
assembled at pH 4.0.  As expected, the  SPS topped systems assembled at pH 4.0 exhibited a 
negative streaming zeta potential.  Th
e values for streaming potential of similar systems documented in the 
change in streaming potential.  Although the acid treated samples had more positive charge ov
the whole volume of the film (as indicated by FTIR169 and Rose Bengal staining), they presente
similar charge at the very surface. 
Typically, bacteria are negatively charged and a few microns in diameter. Thus, we 
measured waterborne adsorption of 1 micron negatively charged microparticles onto the PEMs to 
simulate PEM - bacteria interactions. Measurement of attachment of charged microspheres to 
PEM surfaces has been used previously to characterize the surface charge of rigid PEMs
.  Here, the PEMs were immersed in a pH 6.5 aqueous suspension of 1 micron fluorescent 
carboxylate-modified latex spheres (zeta potential = -68.68 +/- 3.16 mV).  The average number 
of adsorbed particles was counted and the resu
 very few particles.  The negatively charged particles were attracted to the positively
charged PAH topped surface and repelled from the negatively charged SPS  topped surface. The 
SPS/PAH 9.3/9.3 as-deposited samples adhered almost double the number of particles than the
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SPS/PAH 4.0/4.0 PAH topped surface, in agreement with the streaming potential measurements
that showed a significantly higher positive charge on the SPS/PAH 9.3/9.3 surface.  Very few
particles bound to the SPS/PAH 9.3/9.3 acid-treated surface despite the fact that the as-deposited
and acid-treated PEMs displayed similar streaming potentials.  The differences in particle 
attachment in this case are thought to be a result of the differences in surface charge presentat
charges on the acid-treated sample had significantly more mobility, creating steric hinderance
and making it harder for the particles to form stable bonds with the surface. Simulations of 
particle adsorption onto polymer-coated surfaces support this hypothesis; particle adsorption wa
reduced when the polymer was well-solvated181.  
Table 3.1. Streaming Zeta Potential and Number of Attached Charged Microparticles for Representative PEMs
 pH 4.0 PAH 
topped 
pH 4.0 SPS 
topped 
pH 9.3 PAH 
topped, as 
deposited 
pH 9.3 PAH 
topped, acid 
 
 
 
ion: 
 
s 
.  
Streaming Zeta +33.6  +/-11.7 -45.7 +/- 7.9 +48.4 +/- 6.4 +47.4 +/- 6.8 
Potential (mV) 
Microparticles/image 320 +/- 24.2 14.2 +/- 5.4 617 +/- 40.1 10.8 +/- 3.4 
 
3.3.4 Other antibacterial PEMs:  
nd/or post-assembly exp on  n mobility can 
be extended to other PEM systems.  The PAA/PAH s mbled at various pHs has been 
ied10. ig o  ons (where both 
were strongly paired with polyanionic species.  Studies of gold nanoparticle formation, requiring 
 The basic approach used to create antibacterial SPS/PAH films by manipulating assembly 
a conditions to ose free cati ic charge and
ystem asse
increase chai
extensively stud  As shown in F ure 3.1, the c mmonly used pH combinati
polymers are at the same pH), showed no airborne antibacterial properties since all polycations 
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unpaired ammonium groups to bind gold 
PAA/PAH 3.5/7.5 system with PAA on top and 
(Fig. 3.8).  However, when we assembled PAH at 
high pH (8.6) with anionic PAA at low pH (3.5), the results were somewhat different.  Since the 
171
mostly titrated and compensated for when the film is immersed in the low pH polyanion solution.  
When PAH is the top layer, there is one layer uncompensated, leading to excess positive charge 
at physiological pH conditions.  Rose Bengal staining indicated a clear difference between the 
samples (absorbance = 0.08 after 15 min), while a slightly darker stain was visible on the PAH 
studies showed that consistently higher amounts of gold precursors bound to the PEM when 
PAH was the top layer in both the PAA/PAH 3.5/7.5 and PAA/PAH 3.5/8.6 PEMs, again 
6 water indicated that the PAH-topped system swelled slightly more (~42% swelling) than PAA-
precurors, confirmed the total absence of free 
amines in the case of PAA/PAH 3.5/3.5 and only 
very low amounts of free amines above pH 2.5 in 
the case of PAA/PAH 3.5/7.5176.  Note that 
antibacterial spray tests showed no killing in the 
only a ~50% reduction when PAH was on top 
pka of PAH is ~pH 8.8 , PAH deposited at pH 8.6 contains uncharged amines, but they are 
Thus, the PAA/PAH 3.5/8.6 system with PAA on top was also ineffective in killing bacteria.  
PAA-topped and the PAH-topped samples.  Very little staining was visible on the PAA topped 
topped samples (absorbance = 0.14 after 15 min).  Unpublished gold nanoparticle formation 
proving that more free amines are present in the PAH topped case. Swelling measurements in pH 
topped film (~30% swelling).  This could be a result of increased swelling at the top layer in the 
Figure 3.8. (0.18) Airborne antibacterial study with 
ively) 
S. epidermidis (non‐biofilm forming) on glass, 
PAA/PAH 3.5/7.5 and 3.5/8.6 with PAA on top 
(denoted 3.5/7.5 PAA and 3.5/8.6 PAA, respect
and PAH on top (denoted 3.5/7.5 PAH and 3.5/8.6 
PAH, respectively).  
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PAH-topped film when the pH is lowered to neu
pH ranges, an indication of chain mobility.  Se
Appendix A for additional characterization of the 
PAA/PAH system.  The PAH-topped film showed 
airborne antibacterial activity (~log 2.5 kill) ag
non-biofilm forming S. epidermidis without further 
modification or post-assembly processes (Figu
3.8).   Further experimentation reinforced the 
hypothesis that the antibacterial activity in the 
PAA/PAH 3.5/8.6 systems was a result of the high deposition of PAH in the last few layers. 
PAA/PAH PEMs were assembled with both polymers at pH 4.0 and compared to films that 
included one, two or three bilayers of PAA/PAH (4.0/8.6) at the surface.  As can be seen in 
Figure 3.9, the addition of even one layer of PAH at pH 8.6 drastically reduces non-biofilm 
forming S. epidermidis airborne bacterial viability.  After addition of two layers of PAH at 
8.6, the film is essentially as antimicrobial as the film in which all bilayers were assembled with 
PAH at pH 8.6.  
3.4 Discussion and Conclusion 
 
PEMs are emerging as convienent and versatile biomaterial coating. For instance, poly(L-
lactic acid), a biocompatible biodegradeable synthetic polymer, has been coated with silver-
loaded PEMs that imp
tral 
e 
ainst 
re 
pH 
 
roved surface hydrophilicity, hemocompatibility, cytocompatibilty and 
ntibacterial activity31.  Stainless steel, an important orthopedic implant material, has been a
Figure 3.9. (0.19) Airborne antibacterial assays on 
PAA/PAH films assembled at pH 4.0, with the 
addition of one, two or three bilayers of 
(PAA/PAH 4.0/8.6).  All PEMs are PAH topped. 
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coated with PEMs containing quarternized polyethylamine-silver complex to create a cationic 
contact-killing surface with additional silver-leaching capabilities33.   Titanium, another 
prevalent orthopedic implant material, has been functionalized with chitosan-containing PEMs 
that confer cationic contact-killing properties .  
ions 
 on the amount of chitosan at the film surface, 
differences in film thickness and variations in film rigidity.  To our knowledge, no one has 
investigated the effect of PEM assembly conditions on the actual mechanism of polycationic 
antibacterial action. 
erial 
le 
 rigid phase were necessary for antibacterial functionality158.  In studies of 
polycationic cytotoxicity with mammalian cells, which procedes by a bacterial-disrupting 
mechanism similar polycationic biocides, the union of high linear charge density and chain 
mobility has led to higher levels of cell death. It has been concluded that multiple cation 
attachment sites are necessary for membrane permeabilization, and as a result, increasing the 
spacing between amino groups and/or rigidity of the chain should decrease the polycationic 
bioactivity . Specifically testing the effects of decreasing linear charge density of polycations 
27
Chitosan, a natural biocompatible cationic polysaccharide, has been incorporated into 
many PEMs for antimicrobial functionality27, 49-51.  Although the innate cationic charge of 
chitosan and its derivatives is known to be biocidal, differences in PEM assembly condit
have shown to affect the film’s ultimate antimicrobial capabilities22, 23. This has been attributed 
to a pH-dependence or ionic strength dependence
Many studies have shown that sufficient free (unbound) cationic charge is capable of 
disrupting bacterial membranes, leading to cell death152, 156.  In addition, cation mobility has 
proven to be an important factor to achieve cationic bacterial killing.  In the case of antibact
cationic liposomes, a minimum zeta potential of +40 mV and  a melted crystalline state (mobi
state) as opposed to a
182
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has confirmed these conclusions; as linear charge density decreased, cytotoxicity decreased
Likewise, the arrangement and flexibility of charges has proven to be important.  Highly 
branched chains or flexible backbones led to higher cytoxic effects than globular or rigid 
chains157.  Thus, it is clear that polycationic effects on membranes is dependent on the ability o
multiple charges to attach to and interact with the membrane.   
As seen in Figure 3.1, the polycations in most PEMs do not exist in a state capable of 
causing bacterial death.  The cationic charges are mostly bound with anionic charges and rigidly 
cationic charge to interact with the bacterial membranes.  
The SPS/PAH 9.3/9.3 and the PAA/PAH 3.5/8.6 PAH to
82, 157. 
f 
held in place.  Assembly and post-assembly conditions needed to be modified to free sufficient 
pped systems illustrate methods 
of freeing sufficient cationic charge.  By adsorbing PAH at high pH, near or above its pka, the 
chains are incorporated into the PEM with m
of the SPS/PAH system) or simply lowering the pH to neutral pH ranges (in the case of the 
le 
e charge density and high chain mobility created a film with 
any uncharged amines.  By acid-treating (in the case 
PAA/PAH system), these uncharged amines can be protonated, leading to sufficient positive 
charge to induce cell death. 
Surface characterizations of the SPS/PAH 9.3/9.3 system supported the hypothesized 
mechanism of antibacterial action in these films.  The Rose Bengal staining, charge density 
calculations and streaming potential measurements verified that the highly swollen acid-treated 
film possessed significant positive charge.  The swelling measurements. QCM-D analysis and 
microparticle attachment experiments verified that the acid-treated film possessed considerab
chain mobility.  The high positiv
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substan
High cationic charge and charge mobility can create bacteria contact-killing surfaces, and 
e 
successfully developed antibacterial, bacteria-resistant PEMs with simple pH adjustments during 
n 
tial antibacterial and bacteria-resistant properties.  Meanwhile, the as-deposited film’s 
rigid charges were largely unable to efficiently disrupt the bacterial membrane.  
 
high swelling or low modulus surfaces resist bacterial attachment.  SPS/PAH PEMs assembled at 
high pH and subsequently acid-treated present highly swollen positively charged surfaces that 
efficiently kill Gram positive bacteria and reduce the viability of Gram negative bacteria.  Thes
surfaces also effectively resist bacterial attachment in aqueous solutions. We have therefore 
or after assembly.  As shown with the PAA/PAH system, the general approach of manipulating 
PEM conditions to create cationic charge and chain mobility can be applied to other polymer 
systems.  Thus, it is possible that many of the hundreds of layer-by-layer systems that have bee
developed for a myriad of applications can be tweaked to create additional antibacterial 
functionality. 
   
CHAPTER 4 
4. Post-assembly Alteration of Hydrogen Bonded Polyelectrolyte Mutlilayers 
 
This chapter is a combination of several separate projects dealing with post-assembly 
treatments of hydrogen bonded PAA/PAAm multilayers.  In the introductory section, a paper by 
Van Vliet et al. (Biomacromolecules 7(6), 1990-1995, 2006) is discussed in detail.  I am one of 
the authors of that paper, contributing by preparing many of the PEM samples and 
functionalizing the surfaces with specific peptide ligands. The full paper is included in Appendix 
B. The bulk of the chapter addresses morphological changes associated with post-assembly 
treatments of the PAA/PAAm system and their effect on bacterial adherence and viability. 
Although I was extensively involved in experimental planning and interpretation of the data, 
much of the characterization work was performed by an undergraduate student, Allison Kunz, 
under my and Daeyeon Lee’s supervision. Kunz was also a helpful partner in the writing of this 
section, and had great input into the results, discussion and conclusions sections below. Confocal 
microscopy was performed by Albert Swiston. I performed some of the characterization work, 
including profilometry measurements, contact angle measurements, QCM-D analysis and 
fluorescent microscopy. I also synthesized the fluorescently-tagged PAA and conducted all the 
bacteria work.  
 
4.1 Introduction 
 
Surface modification to control cell and bacterial attachment and viability is a rich and 
dynamic field.  In the area of cell biology, surfaces can also influence cell differentiation and 
phenotype.  To this end, researchers have specifically engineered surfaces of variable surface 
topologies 183 and degrees of interchain crosslinking in a polymeric gel184.  They have created 
phase separated amphiphilic surfaces185  and functionalized surfaces with cell resistant materials 
to direct cell attachment and create cell patterns186.  Commonly, surfaces are altered to increase 
cytophilicity with the addition of proteins or peptides containing the amino acid sequence Arg-
Gly-Asp (RGD).  RGD has been shown to attract and bind integrin receptors on the surfaces of 
eukaryotic cells187-193.   
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Polyelectrolyte multilayers (PEMs) have figured prominently in the field of surface 
engineering for biological applications. For instance, the Rubner and Van Vliet groups have 
shown that by adjustment of PEM assembly pH to control swellability and modulus, surfaces can 
encourage (low swelling, high modulus films) or inhibit (high swelling, low modulus films) cell 
and bacteria attachment1, 62, 70, 144.  Likewise, many other groups have developed multilayers 
capable of selectively resisting or promoting cell and bacterial attachment23, 27, 65, 68, 72.   
Cytophobic surfaces of highly swellable cross-linked polyacrylic acid (PAA) and 
polyacrylamide (PAAm) multilayers discourage cell attachment on both planar surfaces and 
colloids1, 160.   PAA, a weak polyelectrolyte, forms hydrogen bonds with neutral PAAm at low 
pH values.  If the pH is raised, the carboxylic acids in PAA become deprotonated, and the 
hydrogen bonding is disrupted, destroying the film.  By thermal annealing or carbodiimide 
chemistry160, the film is cross-linked by the formation of imide bonds and can remain intact at 
physiological pH ranges.  
Berg et al. has shown that the cytophobicity of PAA/PAAm multilayers can be overcome 
by surface functionalization with RGD85.  Poly(allylamine hydrochloride) (PAH), cationic 
polymer that binds to PAA, was attached in patterns to the surface by polymer-on-polymer 
stamping. Via a protein cross-linker, RGD ligands were covalently attached to the surface, 
enhancing fibroblast adherence.  Control peptides of Arg-Gly-Glu (RGE) did not increase 
fibroblast attachment and spreading.  Throughout their experiments, it was assumed that the 
mechanical properties of the underlying substrate were unchanged by the RGD functionalization 
process and that the increase in cell adhesion and spreading were a result of biochemical, not 
mechanical changes. 
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A subsequent study by Van Vliet et al. investigated the effects of different modes of RGD 
functionalization of PAA/PAAm on PEM modulus. A series of PAA/PAAm films were topped 
with PAH at pH 9 by polymer-on-polymer stamping, adsorption for 30 seconds or adsorption for 
15 minutes (the typical length of polymer adsorption during the layer-by-layer dipping process).  
Stamping was performed as described in the work of Berg et al85.  Patterned PDMS polymer 
stamps were soaked in a solution containing 0.05 M PAH and brought into physical contact with 
the PAA/PAAm PEM surface for 30 sec.  The PEMs were then rinsed with 150 mM / pH = 7.4 
phosphate buffered saline (PBS) several times under agitation, and allowed to dry in air.  
Addition of RGD or RGE was accomplished as follows: (a) placing the PAH-treated PEMs in 
0.5 mM Sulfo-LC-SPDP, a heterobifunctional crosslinker, for 30 min at room temperature, (b) 
rinsing twice in PBS for 5 min, (c) placing the PEMs in 0.5 mM peptide solutions (GRGDSPC 
or GRGESPC) in PBS for 8 hours at room temperature, and (d) rinsing the PEMs aggressively 
with PBS.   
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The results of mechanical testing by 
nanoindentation on the various samples are 
presented in Fig 4.1.  Stamping PAA/PAAm 
samples with PAH did not change the mechanical 
modulus of the films (within error).  Thus, the 
increased fibroblast attachment and spreading found 
by Berg et al. on RGD functionalized PAH-stamped 
samples resulted from chemical functionalization 
and was not the result of increased mechanical 
modulus.  However, adsorption of PAH (30 
seconds and 15 minutes) increased the Young’s 
modulus over two orders of magnitude. Subsequent addition of RGD and RGE to the PAH-
adsorbed samples did not change the modulus further, indicating that the increase in modulus 
occurred at the PAH adsorption step. Further characterization found that the samples with 
adsorbed PAH had slightly increased thickness and surface roughness (RMS).  In addition, 
adsorption of PAH led to an increase in film opacity.  An in-depth investigation of the 
mechanisms of PEM stiffening upon PAH adsorption was outside the scope of this work. The 
paper concluded by warning that differences in surface functionalization processes (e.g., 
stamping of PAH versus adsorption) can result in large difference in surface properties. 
 A further investigation of relevant work revealed additional information about the 
underlying mechanisms of PEM stiffening. Other research has also studied the effects of 
polycation adsorption on multilayers and related single-component hydrogels. Senger et al. 
demonstrated that a single polycation layer could extensively interpenetrate an underlying 
Figure 4.1. (0.20) Nominal elastic moduli E as 
measured by instrumented nanoindentation of 
surface modified PAA/PAAm polyelectrolyte 
multilayers.  PEMs were indented to a depth of 
20 nm using a scanning probe microscope in fluid 
(150 mM PBS, pH = 7.4) at room temperature.  
   
electrostatically bound PEM, stiffening the originally compliant layers.131 The Decher group 
reported that hydrogen bonded multilayers capped with electrostatic mutlilayers would only 
dissolve and release a free standing film when the hydrogen bonded region was greater than a 
minimum thickness.  This indicated that the electrostatic layers participated in a certain amount 
of interpenetration and cross-linking of the hydrogen bonded layers.194  Likewise, Caruso et al. 
demonstrated that alternating layers of hydrogen and ionically bonded polymers could be 
assembled, and the hydrogen bonded layers could be selectively dissociated by raising the pH.195 
However, they reported that the hydrogen bonded layers needed to be a minimum number of 
bilayers for the dissociation to occur because of interpenetration of electrostatically bound 
polymer layers. Sukhishvili et al. has contributed extensively to the literature on hydrogen 
bonded multilayers and derived hydrogels.196 They have developed a system similar to the 
PAA/PAAm system, a cross-linked film composed of polymethacrylic acid (PMAA) and amino-
functionalized  polyvinyl caprolactam (PVCL)197.  Earlier work showed that polycations from 
solution adsorbed into uncrosslinked hydrogen bonded films and replaced the neutral polymers, 
and that the amount of polycation (or cationic molecules or proteins) correlated linearly with the 
degree of ionization of the weak polyanion component.198 Also, adsorption of a polycation onto 
single-component polyacid hydrogel capsules created a crosslinking effect that shrank the 
capsules and rendered them impermeable to large molecules.199 With these single-component 
hydrogels, polycations could be desorbed by either lowering the pH or raising the ionic 
concentration of the solution. These studies depended largely on FTIR and confocal microscopy 
data; the few surface images that were presented did not provide information regarding the 
morphology of the surfaces.  
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The following work presents a systematic investigation of the morphological transitions 
in cross-linked PAA/PAAm multilayers induced by immersion in aqueous polycationic 
solutions. To our knowledge, this is the first study addressing the adsorption of a polycation onto 
a cross-linked two-component hydrogel.  To uncover the underlying molecular mechanisms, we 
study these changes over a large pH range using atomic force microscopy (AFM), fourier-
transform infrared spectroscopy (FTIR) and confocal fluorescence microscopy. By exploring the 
various results of polycation adsorption, we introduce a new category of controlled surface 
modification techniques for hydrogen-bonded multilayers. To illustrate the effects of the 
morphological transitions on biological systems, bacteria viability and attachment to a range of 
PAA/PAAm films topped with PAH are evaluated and discussed. 
4.2 Materials and Methods 
4.2.1 Materials  
Poly(acrylic acid) (MW 90,000; 25 wt % solution), polyacrylamide (MW 800,000; 10 wt % 
solution), linear polyethylenimine (PEI; MW 25,000), and poly(vinylamine hydrochloride) 
(PVAm; MW 25,000) were obtained from Polysciences. Poly(allylamine hydrochloride) (PAH; 
MW 70,000 and MW 15,000) was obtained from Sigma Aldrich in both standard and FITC-
labeled forms. Silane-prep (aminoalkylsilane) glass slides were also obtained from Sigma 
Aldrich. Deionized filtered water came from an 18.2 MΩ•cm Millipore Milli-Q system. 
4.2.2 Sample Preparation 
All PEM films were prepared by layer-by-layer deposition with an automated dipping machine 
(Zeiss HMS series Programmable Slide Stainer). Each bilayer was deposited by immersion of a 
silane-prep glass slide into a 20 mM solution of PAA, followed by three deionized water (DIW) 
rinse baths of 2, 1, and 1 minutes each, and then a reiteration of these steps for PAAm. Both the 
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polymer solutions and rinse baths were pH adjusted to 3.0. All pH adjustments were made with 
1.0 M solutions of hydrochloric acid or sodium hydroxide, and all polymer solutions had a 
concentration of 20 mM. After deposition, the samples were thermally crosslinked at 100°C for 
24 hours. The notation (PAA/PAAm)n indicates a PAA/PAAm multilayer consisting of n 
bilayers. 
4.2.3 Polycation Adsorption onto PEMs 
The prepared (PAA/PAAm)n multilayer films were immersed in a 20 mM polycationic treatment 
solution for 15 minutes. This polycationic adsorption step was immediately followed by two 
DIW rinse baths of 5 and 2 minutes each. The rinse baths were pH-adjusted to match the pH of 
the treatment solution. After treatment, all samples were allowed to air dry in normal laboratory 
conditions. 
4.2.4 Surface Morphology Analysis 
  The surface morphologies of the multilayers were studied in dry state ambient conditions. 
Images of all multilayer surfaces were taken using an atomic force microscope (AFM, Digital 
Instruments D3100) in tapping mode. The AFM’s software (v5.31r1) was used to find root mean 
square (RMS) roughness for each image. (AFM data should be considered accurate to within +/- 
3 nm.)  
4.2.5 Thickness measurements 
For thickness measurements, the PEMs were scored with the tip of a steel razor blade and a 
profilometer (Tencor P-10 surface profiler) scanned across the resulting trench.  A typical scan 
length was approximately 600 μm. The profilometer software calculated the average step height. 
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4.2.6 Fourier Transform Infrared (FT-IR) Spectroscopy 
 PAA/PAAm multilayers with 10.5 bilayers were built onto ZnSe crystal substrates for FTIR 
analysis. The only difference between these samples and those assembled on silane-prep glass 
slides was the necessity of a PAH adhesion layer. Measurements were taken with a Nicolet 
Magna 860 Fourier Transform Infrared Spectrometer in transmission mode. Samples were 
immersed in pH-adjusted phosphate buffer solutions (BHR) containing less than 10 mM ionic 
concentrations for 10 minutes and then allowed to air dry. The instrument’s Omnic software 
provided atmospheric and baseline corrections. A previous FT-IR study by Rubner et al.171 
identified the peaks at 1711 and 1554 cm-1 as the carboxylic acid groups and carboxylate groups, 
respectively, belonging to PAA, and we use a modified form of their equation for calculating the 
degree of ionization for weak polyelectrolytes: 
 
4.2.7 Fluorescent Labeling of PAA 
Fluorescent tagging of PAA was based on the protocol of Laguecir et al200. Briefly, 0.1 g 
Rhodamine 123 (Sigma) was mixed with 10 mL of N,N-Dimethylformamide (DMF) (VWR). In 
a separate flask, a total of 50 mL of 50 mM 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide 
Hydrochloride (EDC) (Thermo Scientific) and 100 mM  N-hydroxysuccinimide (NHS) (Thermo 
Scientific) in water was prepared.  PAA (8 g) was added to the EDC/NHS solution, and the 
mixture was adjusted to pH 5.5.  The Rhodamine/DMF mixture was added and left under 
agitation in dark conditions overnight.  The mixture was completely dried in a vacuum and 
resuspended in water at pH 9.0.  Five extractions with CH2Cl2 were performed.  The solution 
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was then dialyzed three times for at least 8 hours each with sterile deionized water (once at pH 3 
and twice at pH 5.5) and dried under vacuum. 
4.2.8 Fluorescence Microscopy 
 Confocal fluorescence microscopy was performed with a Zeiss LSM laser scanning microscope 
with a W Plan-Apochromat 63x objective and 488 nm excitation wavelength. Detailed 
specifications can be found in the original image files; please see the Supplemental Information 
for image file location.  
4.2.9 Quartz Crystal Microbalance with Dissipation 
PAA/PAAm films were assembled in-situ on SiO2 coated crystals (Q-Sense) in an E4 Q-Sense 
Quartz Crystal Microbalance with Dissipation (QCM-D). One layer of PAH at pH 3.0 was 
adsorbed before film build-up to improve adhesion with the substrate.  All polymers were 
adsorbed at pH 3.0 with a concentration of 0.01M and a flow rate of 0.1 mL/min. Between each 
polymer deposition, rinse water at pH 3.0 was flowed through the system at 0.1 mL/min.  
4.2.10 Waterborne Bacteria Attachment Assays 
 Bacterial attachment was assayed as described previously144.  Monoclonal Staphylococcus 
epidermidis (S. epidermidis, ATCC # 14990) was grown overnight in LB-Miller broth (VWR).  
The incubation was centrifuged at 2700 rpm, decanted and resuspended in 150 mM NaCl PBS 
(VWR) three times (10 min, 5 min, 5 min).  The final resuspension was diluted to a density of 
109 cells/mL measured via optical density. This resuspension was then diluted in sterile 
deionized water to 107 cells/mL.  The PEMs were placed in the water dilution for 2 hrs at room 
temperature and rinsed thoroughly in 3 water baths. Samples were incubated under 1% LB agar 
(VWR) gel overnight, and colonies counted to determine the ability of viable bacteria to attach to 
each sample.  Samples with few colonies were hand counted.  For densely populated slides, at 
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least 10 digital images per sample were acquired with a 4x objective using an inverted optical 
microscope (Leica) and the total number of colonies per slide was extrapolated.  
4.2.11 Airborne Antibacterial Assays 
 Airborne assays were based on the protocol discussed by Klibanov et. al170. Bacterial 
suspensions of 109 cells/mL were prepared as described for the waterborne attachment assays 
(centrifuged and optical density measured in PBS) and diluted to 2 x 106 cells/mL in sterile 
deionized water.  Fine mists (d~ 5-100 μm) were sprayed at 1 μl/cm2•spray for a total of 6×103 
bacterial cells/cm2.  Samples were immediately placed in 100mm Petri dishes (VWR) and 
covered with 1% LB agar gel overnight at 37C.  Resulting colonies were counted as described 
above.   
4.3 Results and Discussion 
4.3.1 Morphology dependence on pH   
The work by Van Vliet et al. suggested that PAA/PAAm multilayers undergo significant 
changes when immersed in a solution containing PAH at pH 9. AFM images of the surface 
morphologies induced by the adsorption of PAH onto PAA/PAAm thin films over a large pH 
range revealed a number of interesting morphologies (Figure 4.2).  Thermally crosslinked 
(PAA/PAAm)10.5 multilayers were immersed for 15 minutes in PAH solutions at pH 1.5, 3.0, 5.0, 
7.0, 8.6, 10.0, and 11.3, and allowed to air dry.  Root mean square (RMS) roughness and overall 
film thickness data measured by profilometry are provided in Figure 4.3. Ellipsometry 
measurements of this system were hindered by the opacity of the films and were therefore 
unattainable. Under acidic conditions (pH 1.5), no morphological differences are seen between 
treated and untreated films. From pH 3.0 to 8.6, there is a gradual transition from a wrinkled 
texture with low RMS surface roughness to a dramatic honeycomb texture with higher 
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roughness. Film thickness also increases, as expected from the increasing ionization and 
expanded coil nature of PAA and from the adsorption of more PAH. For highly basic solutions, 
pH 10.0 and 11.3, the films show increasing coalesced regions of hydrophobic PAH. Overall 
roughness decreases significantly, but film thickness spikes at pH 10.0 and shows huge variance 
at pH 11.3, perhaps as a result of large amounts of hydrophobically associated PAH depositing 
on the surface. 
Samples immersed in either deionized water or a 10 mM NaCl solution that had been 
adjusted to pH 8.6 remained as smooth as the untreated films; these control samples confirmed 
that the adsorption of PAH induced the surface textures. In additional experiments, we also 
adsorbed PAH at pH 8.6, but varied the temperature (44°C, room temperature (~25°C) and 3°C), 
time (5 sec, 30 sec, 15 min, 30 min, 3 h, 8 h, 17 h and 98 h), or molecular weight of the PAH 
Figure 4.2. (0.21) AFM images of (PAA/PAAm)10.5 multilayers (a) as prepared, and (b) after immersion in 20 mM 
PAH solutions adjusted to pH 1.5, (c) pH 3.0, (d) pH 5.0, (e) pH 7.0, (f) pH 8.6, (g) pH 10.0, and (h) pH 11.3. All 
images are of dry films, 15 μm x 15 μm x 0.2 μm, with the z‐axis color scale given on the right.  
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immersion solution (MW= 15,000 or 70,000). None of these variations resulted in significantly 
different surface morphologies than sample in Figure 4.2f. The honeycomb morphology was 
evident even after immersion in a pH 8.6 PAH solution for only five seconds, agreeing with the 
report of rapid film changes by Van Vliet et al. 
 
Figure 4.3. (0.22) Plot of (PAA/PAAm)10.5PAH dry film thicknesses and dry‐state root mean square 
roughness values, both in nanometers, as a function of the pH of the PAH immersion solution.  The 
gray dashed line indicates the thickness of the cross‐linked PAA/PAAm film before PAH adsorption. 
4.3.2 Fluorescence Microscopy 
Fluorescent labeling of polymers allows for simultaneous spatial and compositional 
analysis of PEMs. To determine the composition of honeycomb ridges in PAH topped 
PAA/PAAm multilayers, thick multilayer samples were prepared using the same procedure as 
before (LbL assembly, thermal crosslinking, and adsorption of PAH) with Rhodamine 123-
labeled PAA and FITC-labeled PAH. Confocal microscopy images of these fluorescently labeled 
(PAA/PAAm)60.5 multilayers after polycation adsorption at pH 8.6 are presented below.  The 
bright field image in figure 4.4a exhibits the honeycomb features seen previously in Figure 4.2f. 
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(It should be noted that the length scale of the honeycomb features correlate linearly with film 
thickness.) Figures 4.4b and 4.4c, which were acquired using specific wavelength filters, clearly 
indicate that PAH and PAA are concentrated in the honeycomb ridges. Control samples with 
fluorescently tagged PAA or PAH, but not both, confirmed these observations. 
Figure 4.4. (0.23) Confocal fluorescence microscopy images of (PAA/PAAm)60.5 multilayers fabricated using 
Rhodamine 123‐ labeled PAA and FITC‐labeled PAH.  IR filters show (a) bright field (b) FITC fluorescence and (c) 
Rhodamine 123 fluorescence in the honeycomb ridges. Magnification is 63x.  
The fluorescent images clearly indicate that PAH complexes with PAA via electrostatic 
attraction upon adsorption. This result agrees with previous work by Sukhishvili et al. in which a 
polycation was adsorbed onto capsules of uncrosslinked hydrogen bonded multilayers198.  In 
their work, the strong electrostatic attraction between the weak polyelectrolytes resulted in 
replacement of the neutral polymer with the polycation (as opposed to this work where the 
neutral polymer is retained – discussed below). In a similar study, polycations were adsorbed 
onto single-component cross-linked polyacid hydrogel capsules, resulting in a decrease in 
capsule diameter and impermeability to dextran molecules199. These observations suggested that 
the polyelectrolytes formed a dense network of ionic bonds that effectively crosslinked the 
multilayer. In the PEMs studied here, the initial hydrogen bonded multilayers were covalently 
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cross-linked, limiting the mobility of the PAA molecules and preventing the removal of PAAm. 
The retained PAAm does not interact with PAH and remains in a highly swollen, hydrophilic 
state. As a result, regions of hydrophobic ionically complexed PAA and PAH phase separated to 
form the honeycomb ridges seen in Figure 4.4.  As seen in the side-view images, the PAA-PAH 
ridges span the entire thickness of the film. Contact angle measurements confirmed that the 
hydrophobic character of the multilayers increased significantly after PAH asdsorption at pH 8.6.  
The unmodified cross-linked PAA/PAAm film had an advancing contact angle of ~61 and an 
advancing contact angle of ~96 after adsorption of PAH at pH 8.6. It should be noted that 
previous quartz crystal microbalance (QCM) work found that the ratio of PAA to PAAm in these 
multilayers is approximately 23:771.  In the course of these studies, in-situ QCM with dissipation 
(QCM-D) experiments of the assembly process verified that, compared to PAA, significantly 
more PAAm is incorporated into the multilayer [Figure 4.5].  The large amount of PAAm helps 
explain the presence of large hydrophilic regions that do not contain PAA or PAH (as seen with 
fluorescent microscopy) in the middle of the honeycomb structures seen here.  
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Both optical and confocal images of 100.5 bilayer films verified the presence of PAH in 
multilayers regardless of immersion pH.  The stacked side-view confocal microscopy images in 
Figure 4.5 also suggested that PAH incorporates throughout the thickness of the films. However, 
interpretation of the confocal data is complicated by the observation of an exponential-to-linear 
transition in multilayer growth between 10 and 20 bilayers. Such a transition indicates a 
fundamental change in the molecular assembly of the film, and images of 100.5 bilayer films 
after polycation adsorption did not always exhibit the same surface morphologies as their 10.5 
bilayer counterparts. Our observations suggest that the film thickness also influences surface 
morphology development, perhaps due to the overall amount of charge presented to adsorbing 
polycations. 
Figure 4.5. (0.24) QCM‐D analysis of PAA/PAAm film buildup.  All polymers were adsorbed at pH 3.0 with a 
concentration of 0.01M and a flow rate of 0.1 mL/min. Between each polymer deposition, rinse water at pH 3.0 
was flowed through the system at 0.1 mL/min  
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4.3.3 Degree of Ionization of Weak Polyelectrolytes.  
Solution pH controls the degree of ionization (DOI) of weak polyelectrolytes, and it 
therefore dictates their conformation and interactions. To understand the molecular mechanisms 
behind the polycation induced changes in multilayer surface morphology, a familiarity with the 
pH-dependent behavior of the polyelectrolytes involved is necessary.  
 Much of the relevant information describing PAH in solution and in multilayers can be 
found in the literature. The amine group of PAH has a reported pKa value of 8.8 in an aqueous 
solution171, but incorporation into an electrostatically  bonded multilayer can raise the pKa to 
above 10.0 169.  PAH and similar polycations undergo conformational changes at different 
degrees of ionization201, 202.  Well below the pKa, all of the amine groups are protonated and 
carry a positive charge. The electrostatic repulsion caused by like charges results in an expanded 
chain conformation to maximize the distance between ammonium groups.  When the 
polyelectrolyte is only partially ionized at medium pH values, the charged ammonium groups 
continue to repel each other while the neutral amines begin to agglomerate into hydrophobic 
beads along the polymer chain. The size of the hydrophobic beads in this “pearl necklace” 
structure varies inversely with the degree of ionization. At sufficiently high pH, the degree of 
ionization falls below a critical point, and the polycations collapse into a globular conformation. 
Previous work by Park et al. documents the pearl necklace behavior of PAH in solution and 
confirms the presence of globular conformations at pH 9202.  The AFM images in Figure 4.2 also 
indicate a transition in that pH region, specifically between pH 8.6 and 10.0. The lower RMS 
roughness and increasingly variable thickness measurements of these samples in Figure 4.3 are 
consistent with the presence of large regions of coalesced PAH globules adhered to the surface 
of the film. PAH at high pH minimally interpenetrates and cross-links the PAA/PAAm hydrogel.  
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Instead, large “clumps” of hydrophobic polymer are being deposited on the surface. The 
apparent coil-to-globule transition point between pH 8.6 and 10.0 suggests that  
 
Figure 4.6. (0.25) FT‐IR data from (PAA/PAAm)10.5 films on ZnSe crystals. (A) Offset spectra illustrate the 
protonation of PAA’s carboxylic acid groups with increasing pH. (B) S‐curves showing the DOI of PAA (squares) 
calculated using FT‐IR data and equation 1, and the DOI of PAH (triangles) from the literature[16].  
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the adsorbed PAH behaves much more like a polymer in aqueous solution than in an ionically 
bonded multilayer system; otherwise the transition from pearl necklace to globular 
conformations would have occurred at a higher pH.  Therefore, we can extend this 
conformational knowledge of PAH in solution, as well as the degree of ionization curve provided 
by Rubner et al.171, to this research. 
 The carboxylic acid groups of PAA have a pKa of approximately 6.5 in solution and less 
than 3.0 in an ionically bonded multilayer system such as PAA/PAH171.  To our knowledge, 
characterization of the pKa of PAA in the PAA/PAAm hydrogen bonded system is reported for 
the first time here. FTIR analysis of the (PAA/PAAm)10.5 multilayer over a wide pH range, 
shown in Figure 4.6a, tracks the characteristic peaks of the charged and uncharged carboxylic 
acid groups in PAA.  
 The degree of ionization (DOI) of PAA at different pH ranges was calculated using 
Equation 1. These data, along with the literature data for PAH171, are plotted in Figure 4.6b. The 
PAA DOI calculations assume full protonation at pH 1.5 and full ionization at pH 11.3, and give 
an approximate pKa of 7.8 for PAA in this hydrogen-bonded system. These findings are 
consistent with previous work by Sukhishvili et al. on similar hydrogen-bonded systems, where 
incorporation of a polyacid into a hydrogen bonded multilayer significantly increased its pKa203.  
 The PEM stiffening and increased film opacity observed by Van Vliet et al. can now be 
explained. Immersion of the multilayer into a pH 9.0 solution of PAH enabled the polycation to 
adsorb and incorporate into the multilayer. Although the film was already lightly covalently 
cross-linked, the adsorption of PAH created additional ionic crosslinks (Note that Figure 4.6b 
indicates that both polyelectrolytes are significantly ionized at pH 9.0). This additional 
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crosslinking raised the effective Young’s modulus of the film and lead to phase separation. We 
hypothesize that the application of PAH via stamping onto a dry-state film lacked the same effect 
due to the lower mobility of the polyelectrolytes in the dry state and the lower DOI of PAA (the 
films were assembled at pH 3.0, where PAA is less than one percent ionized). 
4.3.4 Adsorption of Other Polycations onto the PAA/PAAm Multilayer 
Adsorption onto PAA/PAAm PEMs was repeated with different polycations, revealing 
additional information about the mechanism of the morphological transitions.  Figure 4.7 
presents AFM images of (PAA/PAAm)10.5 multilayers that had been immersed in pH 8.6 
solutions of either LPEI and PVAm, whose schema are provided to the right of their respective 
images. 
These polycations are structurally dissimilar to PAH: PVAm lacks a methyl group 
between the amine and the polymer backbone, and LPEI has nitrogen incorporated directly into 
the polymer backbone. The PVAm-adsorbed multilayer data found in Figure 4.7b exhibits both 
honeycomb- and globular-like surface morphologies similar to Figure 4.2f and 4.2g (PAH 
adsorbed at pH 8.6 and 10.0). These results correlate well with comparisons of DOI between 
these polymers and PAH at various pH values: PVAm is roughly 40% ionized at pH 8.6201, a 
DOI that lies between that of Figure 4.2f (approximately 55% ionized) and 4.2g (30%).  Similar 
to PAH, PVAm has been observed in extended, pearl necklace, and globular structures, and both 
polymers near their coil-to-globule transition point at approximately the same degree of 
ionization.  LPEI is roughly 20% ionized at pH 8.6204, and adsorption onto the PAA/PAAm 
multilayer resulted in a slightly wrinkled surface morphology similar to PAH-adsorbed samples 
at low pH (Figures 4.2c and 4.2d), which have DOI’s of less than 5%. LPEI has not been 
observed in the pearl necklace conformation and is a much less hydrophobic than PAH and 
98 | P a g e  
   
99 | P a g e  
PVAm. The difference in DOI between 
the PAH and PEI samples with similar 
appearance suggests that 
hydrophobicity of the adsorbing 
polycation also has some influence on 
the resulting surface morphology. 
results of these experiments indicate 
that changes in the surface morpholog
of PAA/PAAm multilayers can be 
induced by many different polycation
and the phase separation induced by ionic crosslinking appears to be commensurate with 
degree of ionization of the adsorbing po
 The 
y 
s, 
the 
lycation. 
4.3.5 Bacterial Attachment and Viability on Different Morphologies. 
The adsorption of polycations onto a PAA/PAAm multilayer significantly changes the 
properties of the resulting film. An analysis of bacterial attachment and viability on PAA/PAAm 
film with PAH adsorbed at various pH values offers insight into the effect these changes have on 
surface interactions with biological systems. Airborne antibacterial experiments assayed the 
biocidal nature of a particular surface.  Waterborne experiments added information about 
aqueous bacterial attachment.  
 Native cross-linked PAA/PAAm films are highly swellable, swelling about 350% in pH 
7.4 phosphate buffered saline63. This swelling corresponds to a low modulus film of about 2.4 x 
105 Pa, which, based on the studies detailed in Chapter 2, was expected to limit bacterial 
attachment205.  As seen in Figure 4.8a, waterborne attachment studies of S. epidermidis on 
Figure 4.7. (0.26) AFM images of 10.5 bilayer PAA/PAAm 
multilayers immersed in 20 mM, pH 8.6 solutions of (a) linear 
polyethylenimine, and (b) poly(vinylamine hydrochloride), 
accompanied by schemes of the respective polymers. 
   
PAA/PAAm films showed markedly 
fewer bacteria colonies than glass 
controls. Airborne antibacterial studies 
showed that as-assembled PAA/PAAm 
and PAA/PAAm with PAH adsorbed up 
to pH 8.6 do not exhibit any bacteria-
killing capabilities (Figure 4.8b).  Thus, 
in the waterborne studies, the reduction 
in colony density on the PAA/PAAm 
films and those with PAH deposited at 
low pH is a result of low film modulus 
discouraging stable bacterial attachment 
and not a result of any biocidal film 
properties.  As the pH of the adsorbed 
PAH is raised, the polycation begins to 
extensively crosslink and stiffen the 
film. This was measured directly in the 
work of Van Vliet et al., where the 
modulus increased over two orders of magnitude when PAH was adsorbed at pH 9.0 onto a 
PAA/PAAm film206. As seen in Chapter 2, stiffer films lead to higher levels of bacterial 
attachment 205.  In addition, although some see no correlation, many researchers claim that 
increased roughness encourages bacterial adhesion207. Thus, the increase in bacterial attachment 
with increasing pH of adsorbed PAH is a result of film stiffening and possibly increased surface 
Figure 4.8. (0.27) Bacteria experiments with S. epidermidis on 
PAA/PAAm films with PAH absorbed at various pH values 
showing (A) waterborne bacterial attachment and (B) airborne 
antibacterial results. 
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roughness.  As can be seen in Figures 4.8a and 4.8b, in both airborne and waterborne assays, no 
bacterial growth was visible on PAA/PAAm films after PAH was adsorbed at extremely high pH 
ranges. The airborne antibacterial tests indicated that these films display a high level of 
antibacterial activity.   As seen from the AFM images in Figures 4.2g and 4.2h, PAH adsorbed at 
high pH has a very low degree of ionization and deposits globularly on the film surface.  When 
these films are exposed to bacteria suspensions at neutral pH ranges, many of the unbound 
ammonium groups become protonated and create a high degree of positive charge at the surface.  
Other studies have shown that high cationic charge density can disrupt the counterions on 
negatively charged bacterial cell membranes, leading to cell death 152, 156.  Thus, in the 
waterborne attachment experiments, no attachment was seen with high PAH deposition pH 
values because bacteria that interacted with the surface were killed. The results here support the 
research in Chapter 3 describing polycationic antimicrobial properties created by adjusting 
assembly and post-assembly pH conditions.  In Chapter 3, post-assembly acid-treatment of an 
SPS/PAH PEM assembled at high pH created high density, mobile cationic charge that disrupted 
bacterial cell membranes on contact.  Here, a similar effect is created by a different post-
assembly process: adsorption of PAH at high pH onto a PAA/PAAm multilayer.  
4.4 Conclusions 
Our work has investigated a polycation-induced morphological transition in hydrogen 
bonded multilayers. We have shown that the effects of polycation adsorption depend on the pH 
of the polycation immersion solution: pH controls the degree of ionization of the 
polyelectrolytes, and therefore, their conformations and degree of ionic cross-linking. The 
hydrogen bonding in the initial PAA/PAAm multilayer increases the pKa of PAA relative to an 
aqueous solution. The initial multilayer is smooth, complaint, and highly hydrated, but the 
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incorporation of a polycation can drastically change these properties. The degree of ionic 
crosslinking, which induces new morphologies and increases stiffness, depends on the degree of 
ionization of the two weak polyelectrolytes. Electrostatic complexing of PAA and PAH can 
create hydrophobically ionically bonded regions that phase separate from the hydrophilic PAAm. 
At very basic pH, coalesced hydrophobic clusters of PAH adsorb and create a surface that may 
display strong positive charge. 
 The practical effects of these changes were investigated with a series of bacteria studies.  
Van Vliet et al. and others have demonstrated that PAH-stiffened PAA/PAAm films encourage 
higher cell attachment36, 206. Here, we show that the same attachment phenomenon occurs with 
bacteria: as the multilayer becomes stiffer, more bacteria form stable attachments to the surface. 
We also demonstrate that PAH deposited at high pH creates an extremely effective antibacterial 
surface.  The bactericidal properties probably result from increased cationic charge at the film 
surface that is able to disrupt the negatively charged bacterial cell membrane.  
 This research provides several new avenues for future investigation. For example, 
bioinert films made of simple PAA/PAAm multilayers may face problems in vivo due to 
interactions with polycations naturally present in the body. A biomedical device coated with a 
compliant multilayer could adsorb polycations and stiffen, promoting infection rather than 
inhibiting it. Also, the bactericidal surfaces merit further exploration: it would be useful to 
determine how long the antibacterial properties last in different environments, as well as observe 
the adhesion and behavior of eukaryotic cells when PAH is adsorbed at high pH. Nevertheless, it 
is clear that polycation adsorption onto a highly hydrated polymer surface can create films with 
vastly different properties that can be exploited in a biological setting. 
102 | P a g e  
   
 
CHAPTER 5 
5. Initial Biofilm Growth on Polyelectrolyte Multilayers 
 
The majority of the experiments in this section were performed by various undergraduates under 
my supervision.  As part of her undergraduate thesis project, Maricela Delgadillo created a 
biofilm assay protocol and tested PAA/PAH samples for biofilm reduction.  Kathleen Tompkins, 
as an undergraduate research assistant, performed most of the biofilm assays on the SPS/PAH 
system. With the help of me and Albert Swiston, Tompkins also assembled the PEMs and 
conducted the majority of the bacteria experiments with the lift-off PEM system.   
 
5.1 Introduction 
 
The ultimate intended goal of many antibacterial surfaces is to aid in the prevention of 
biofilm formation by inhibiting initial attachment of bacteria to a surface20, 27, 50, 144.  The bacteria 
challenges described in previous chapters mainly involved isolated bacteria suspensions in sterile 
water or ionic solutions (e.g., phosphate buffered saline).  There are some known instances in 
which biofilms develop in these low nutrient conditions.  For example, biofilms have been 
known to slowly grow on the inner surface of water pipes208.  Thus, the bacteria challenges 
described above may prove to be good models for some biofilms.  
However, many examples of unwanted biofilm formation occur in high nutrient 
conditions, including during food processing and the implantation of biomedical devices. In this 
work, we increased the bacteria challenge by testing the ability of the bacteria-resistant and 
bacteria-killing PEMs developed in chapters 2 and 3 to resist biofilm formation in highly nutrient 
rich environments.  In addition, we examined the possibility of creating PEMs capable of 
sloughing an entire surface if a biofilm successfully formed, thereby exposing a new unfouled 
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surface.   Before discussing our biofilm-formation protocol and PEM assays, it is important to 
begin with a brief overview of biofilm structure, development and impact on mankind.  
 
5.1.1 An Overview of Biofilms 
 
Biofilms are a major component of world-wide bacterial biomass,209, 210  and their 
existence often has deleterious effects.  In the industrial setting, biofilms on metallic surfaces can 
cause biocorrosion, leading to clogging and damage costing millions of dollars in repairs19. In 
medicine, biofilms cause extensive medical device and implant failure, growing on catheters, 
prosthetic heart valves, pacemakers, shunts, contact lenses, orthopedic devices, etc.  They are 
also the source of many chronic infections not related to medical devices: tooth decay, cystic 
fibrosis pneumonia, prostate gland inflammation and more210.   
There are, however, applications that take advantage of biofilm growth. The ability of the 
biofilm polymer matrix to entrap minerals and nutrients is exploited in wastewater treatment61.   
Biofilms are also used in the fermentation of ethanol and vinegar and the biosynthesis of 
polymers211.  Dense layers of bacteria and biofilms have also been useful in converting organic 
waste and renewable biomass to electricity212.  
 
Figure 5.1. (0.28) Schematic of biofilm formation: attachment of bacteria Æ proliferation and excretion of 
polysaccharides Æ mature biofilm releasing planktonic cells. 
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OVERVIEW OF BIOFILM STRUCTURE: Bacteria exist in two general populations: planktonic 
(freely floating) or sessile (attached to a surface).  Bacteria in the sessile state can exist as 
individuals or small colonies of identical bacteria or as part of complex structures of biofilms.  
The highly hydrated matrix or “slime” in which the bacteria microcolonies in biofilms are 
embedded is composed of polysaccharides excreted from sessile bacteria, components of dead 
bacteria and molecules incorporated from the environment.  In fact, 73-98% of the biofilm is 
composed of noncellular material61. Individual biofilms can be comprised of many different 
bacterial strains, and different phenotypes within a particular strain.  They are heterogeneous and 
dynamic well-organized communities with channels and pores to distribute nutrients throughout 
the biofilm and dispose of waste.  Once formed, the biofilm can slough pieces of biofilm or 
individual cells that can start new biofilms or infections in different locations.  
 
BIOFILM DEVELOPMENT: Bacterial attachment to a surface is the first step in biofilm 
formation, followed by proliferation or recruiting of additional planktonic bacteria18.  As 
described in previous chapters, bacterial adhesion is mediated by a number of factors and is not 
totally understood.  Depending on environmental conditions and bacterial strain, many 
parameters can promote or inhibit bacterial attachment, including surface roughness, 
hydrophobicity, surface conditioning, surface modulus, etc19. In some cases, a first layer of 
bacteria and excreted polymers can serve as a substrate for additional bacterial adhesion.   
Once attached to the surface, gene expression is modified and bacteria excrete 
polysaccharides that protect and support the biofilm and trap components from the environment, 
thereby incorporating additional species into the matrix. The continual development of a biofilm 
is directed by a quorum-sensing mechanism, a cell-to-cell signaling process by which bacteria 
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are aware of the cell density in their vicinity. This may occur through critical concentrations of 
species normally released by cells (e.g., lactones in many Gram negative bacteria and peptides in 
many Gram positive bacteria) or by sensing the relative proportion of dead cells in the biofilm18. 
The ultimate structure of the biofilm is also determined by local conditions.  For instance, 
biofilms have been found to be flat or mushroom- shaped depending on the availability of 
nutrients210.  
 Fully formed biofilms can enter a death phase in which enzymes are produced by the 
bacteria themselves to break down the polymers holding the biofilm together.  At the same time, 
genes expressing flagella and other necessary machinery for mobility are up-regulated213.  
 
BIOFILMS LEAD TO BACTERIA PROTECTION: The biofilm structure offers powerful 
protection for prokaryotes. For instance, the polymer matrix acts as a barrier to antibiotics, 
disinfectants and changing environmental conditions213.  In some cases, the decreased oxygen 
availability in the biofilm slows metabolic activity, creating metabolically inactive bacteria that 
are less susceptible to antibacterial agents214.  Many other protective mechanisms exist in biofilm 
communities, but an extensive discussion is outside the scope of this brief overview210.  The end 
result, however, is that our current methods of combating bacteria are often ineffective against 
biofilms, and therefore, we tend to kill the sloughed planktonic bacteria without killing the 
source210.  Thus, the need to prevent early stages of biofilm formation (e.g., bacterial attachment 
to a substrate) becomes evident.  
 
5.2 Biofilm growth on PEMs capable of resisting colonization of individual bacteria 
 
As stated above, the first phase of biofilm analysis involved assessing the resistance of 
two previously studied PEMs to bacterial attachment in aggressive biofilm-forming conditions.  
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The potentially biofilm resistant PEMs tested in these experiments included bacteria resistant 
PEMs comprised of poly(acrylic acid) (PAA) and poly(allylamine hydrochloride) (PAH) 
assembled at pH 2.0, and antibacterial and bacterial-resistant PEMs comprised of (sodium 4-
styrene sulfonate) (SPS) and PAH assembled at high pH and subsequently acid-treated.  These 
PEMs successfully reduced or eliminated bacterial attachment in low-nutrient aqueous solutions.  
In particular, the SPS/PAH PEM completely inhibited bacterial attachment of a biofilm-forming 
strain of S. epidermidis, albeit under conditions that would not form a biofilm during the time-
lengths tested.   Thus, these films were prime candidates to evaluate biofilm prevention or 
reduction in high nutrient conditions. As control samples, plain glass slides, the rigid and 
bacteria adherent PAA/PAH system assembled at pH 6.5 and the non-acid treated SPS/PAH 
system assembled at high pH were included.   
 
5.2.1 Materials and Methods 
 
PEM assembly: PEMs were assembled as discussed above (Chapters 2 and 3).  10-2 M solutions 
in 18 MΩ Milli-Q water of PAA (poly(acrylic acid); Mw = >200 000 g/mol; 25% aqueous 
solution; Polysciences), PAH (poly(allylamine hydrochloride); Mw = 70 000 g/mol; 
Polysciences) or SPS (sodium 4-styrene sulfonate, Mw = 70 000 g/mol, Aldrich) were pH 
adjusted using 1M HCl and NaOH.  PAA/PAH multilayers, assembled with both polymers at pH 
2.0 (9.5 bilayers) or pH 6.5 (49.5 bilayers) were assembled PAA first on aminoalkylsilane coated 
glass slides (sigma).  SPS/PAH PEMs were assembled PAH first on plain glass slides (VWR).  
Between each sequential immersion in a polymer bath, the samples were rinsed in three water 
baths at ~ pH 5.5 for the PAA/PAH films and pH 9.3 for the SPS/PAH films. PAA was the final 
layer in all PAA/PAH films, and PAH was the top layer in all SPS/PAH films.  For acid-treated 
107 | P a g e  
   
SPS/PAH films, samples were immersed in a solution at pH 2.5 for 15 minutes, followed by a 
water rinse at pH 5.5. 
PEM assembly for the lift-off systems followed the procedure outlined by Swiston et al81.   
PEMs were assembled on aminoalkylsilane coated slides (Aldrich). An adhesive region was 
deposited consisting of 15.5 bilayers of poly(diallyldimethylammonium chloride) (PDAC, 
Aldrich, M=200-350kDa in 20% aqueous solution) and SPS at pH 4.0 with 0.1 M NaCl in the 
polymers baths.  Next, an 80.5 bilayer release region was constructed of hydrogen bonded 
poly(methylacrylic acid) (PMAA, PolySciences, M=100kDa) and poly(Nisopropylacrylamide) 
(PNIPAAm, Polymer Source, M=258kDa) with polymers and rinse baths adjusted to pH 3.0.  
The substrates were topped with an additional supportive film of fluorescein-labeled PAH 
(FITC-PAH, Aldrich, M=70kDa) and iron oxide magnetic nanoparticles (Fe3O4 NP, 10nm 
diameter, Ferrotec EMG 705) stabilized with an anionic surfactant (10 bilayers, FITC-PAH 
solution at pH 3.0, the nanoparticle suspension at pH 4.0 and the rinse baths at pH 3.0). 
 
 
Initial Biofilm Growth: The experimental procedures for biofilm growth were modeled on 
those described by Stepanovic et al215.  Trypticase Soy Broth (TSB) (BD) was inoculated with a 
biofilm forming monoclonal strain of Staphylococcus epidermidis (S. epidermidis, ATCC # 
35894), and incubated for 18 ± 1 hour at 37°C with shaking agitation.  Polyelectrolyte 
multilayers were sterilized with 70% ethanol and left to air dry.  Two 20 mL aliquots of the 
primary culture were centrifuged at 2700 RPM for ten minutes at 4°C (Centrifuge 5804 R).  The 
TSB was decanted, and the bacteria pellet was re-suspended into two 15 mL aliquots of TSB.  
This solution was centrifuged a second time for five minutes, the TSB was decanted, and the 
bacteria pellet was re-suspended into 10 mL of TSB.   The bacterial solution was diluted to an 
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optical density of one at a wavelength of 540 nm, corresponding to a cell density of 109 cells/mL.  
10 mL of bacterial solution was added to 90 mL of Trypticase Soy Broth corresponding to a final 
bacterial density of 108 cells/mL.  Glucose monohydrate (Biochemika) was added to the bacteria 
solution for a total concentration of 2% (v/v) glucose.  The samples were placed in 100mm petri 
dishes (VWR), coated with 15 mL of the bacterial solution and incubated at 37°C for 2 h.  The 
short incubation time did not give the bacteria enough time to develop into a mature biofilm, but 
was sufficient for initial biofilm formation. After initial biofilm formation, the excess bacterial 
solution was removed, and the slides were rinsed twice in Phosphate Buffered Saline (PBS, from 
VWR).  The bacteria were fixed with 15 mL of Methanol (Mallinckrodt Chemicals) at room 
temperature for 20 minutes.  Finally, the excess methanol was drained and the samples were left 
to dry overnight.  All samples were tested in triplicate. 
Biofilm Analysis:  Fixed biofilm samples were stained with 20 mL 2% Gram Crystal Violet 
(BD) for 20 minutes, followed by careful rinsing with deionized water.  Not all the samples were 
stained, however, because it was found that the stain was adsorbed onto the PEM, making it 
difficult to distinguish between the polymers and the bacteria.  Optical microscopy images were 
acquired (Axiovert 200 Zeiss microscope).   Atomic Force Microscopy (Nano Scope Control, 
Digital Instruments) was performed on the PAA/PAH samples.   
Airborne Bacteria Application and Liftoff: For initial tests with the lift-off PEM systems, 
samples were sprayed with non-biofilm forming S. epidermidis (ATCC #: 14990) with a gas 
chromatography sprayer as described in Chapter 3 (see methods section). Films were then placed 
in phosphate buffered saline (PBS, VWR) at 4°C for 30 minutes to allow the hydrogen bonded 
region to dissociate and release the top film.  The PEMs were placed in 100mm Petri dishes 
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(VWR) and coated with a slice of 1% LB agar (VWR) gel overnight. Resultant colony density 
was determined as described in Chapter 3.  All samples were tested in triplicate. 
Biofilm Growth and Liftoff: Trypticase Soy Broth (TSB) (BD) was inoculated with a biofilm 
forming monoclonal strain of Staphylococcus epidermidis (S. epidermidis, ATCC # 35894) and 
incubated for 18 ± 1 hour at 37°C with shaking agitation.  PEMs were sterilized with 70% 
ethanol at pH 3.0 and left to air dry.  The bacterial culture was diluted 1:100 in TSB adjusted to 
pH 5.5 with 0.1 M NaCl. Samples were placed in 100mm Petri dishes (VWR) and covered with 
15mL of the diluted bacterial suspension and 200 μL of glucose.  The biofilm was grown for 24 
hours at 37°C. The samples were rinsed twice with 15mL MES buffer (2-(N-
morpholino)ethanesulfonic acid) adjusted to pH 5.5. Samples were then placed in PBS at either 
37°C or 4°C for 30 minutes. Each sample was tested in triplicate.  
5.2.2 PEMs with Varying Mechanical Modulus 
 
 As discussed in Chapter 2, PAA/PAH films assembled at low pH greatly reduced 
bacterial attachment in comparison to control glass slides or PEMs assembled at pH 6.5.  In the 
case of low pH assembly, sparsely ionized PAA chains were incorporated into the PEM.  At 
neutral pH, the uncharged PAA carboxylic acid groups were deprotonated, creating a large 
degree of charge-charge repulsion that swelled the film.  It was found that this highly swollen, 
low modulus film resisted attachment of non-biofilm forming S. epidermidis and E. coli in low 
nutrient conditions.  
 Figure 5.2 shows the bacterial attachment and initial biofilm growth of a biofilm-forming 
S. epidermidis strain in high nutrient conditions on PAA/PAH PEMs assembled at pH 2.0 and 
pH 6.5.  At periods of 24 hours or more, dense biofilms formed under these conditions.  In this 
case, short times were tested to measure differences in initial biofilm formation.  After a two 
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hour incubation, there was no clear differences in bacterial attachment between the two PEMs.   
The AFM images of these initial biofilms, shown in Figure 5.3, confirmed that there were no 
differences between the control aminoalkylsilane-treated glass slide and the PEMs.  The AFM 
images clearly show clumping of bacteria, which is typical in staphylococci strains.  The 
different morphologies of the PEM surfaces are also evident in the images, reinforcing the 
conclusion that assembly conditions of PAA/PAH films did not affect initial biofilm formation.   
Figure 5.2. (0.29) Optical microscopy images of initial biofilm formation 
on (a) highly compliant PAA/PAH 2.0/2.0 PEMs and (b) rigid PAA/PAH 
6.5/6.5 PEMs. 
 
 
Figure 5.3. (0.30) AFM images of initial biofilm formation on (A) aminoalkylsilane treated glass slide, (B) 
PAA/PAH 2.0/2.0 PEMs and (C) PAA/PAH 6.5/6.5 PEMs.  All images are 10μm x 10μm. The amount of adhered 
bacteria was not affected by the underlying substrate.  
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5.2.3 Antibacterial PEMs 
  
 Whereas PAA/PAH 2.0/2.0 films only reduced waterborne bacterial attachment, 
SPS/PAH 9.3/9.3 acid-treated films were able to completely resist attachment under the 
conditions tested for both biofilm-forming and non-biofilm forming strains of S. epidermidis 
(See Chapter 3).  As a result, it was hypothesized that these PEMs may be able to slow biofilm 
formation even if the PAA/PAH 2.0/2.0 systems did not.    
 The mechanism of antibacterial action in the SPS/PAH 9.3/9.3 acid-treated system was 
discussed at length in Chapter 3.  Briefly, at high pH, PAH was assembled into the multilayer 
with regions of hydrophobic clusters comprised of uncharged amines. After acid-treatment, the 
amines were protonated and the PEM swelled greatly.  This created a coating with both high 
positive charge and low modulus, a combination capable of both killing and repelling bacteria.  
 The results of initial biofilm formation on SPS/PAH 9.3/9.3 acid-treated films are shown 
in figure 5.4.  Unfortunately, despite the increased antibacterial functionality in these films, no 
differences were apparent between the glass, SPS/PAH 9.3/9.3 as deposited and acid-treated 
films.   
It is important to note that these preliminary investigations do not completely rule out 
differences in the biofilms on various surfaces.  For instance, biofilms and bacteria adhered to 
various PEMs could have different strengths of attachment.  In addition, since we did not allow 
the biofilms to mature, we do not know if there would be any difference in the structures of 
mature biofilms formed on different substrata.  
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Figure 5.4. (0.31) Representative optical microscopy images of initial biofilm growth on (A) plain glass, (B) 
SPS/PAH 9.3/9.3 as deposited PEMs,  and (C) SPS/PAH 9.3/9.3 acid‐treated PEMs.  
 
5.3 Liftoff with Temperature and pH Triggerable Hydrogen Bonded PEMs 
 
 Due to the failure of our antibacterial PEMs to show significant difference in initial 
biofilm attachment, we considered a more aggressive method of preventing bacterial adhesion 
and biofilm growth on surfaces.  By utilizing the thermal and pH-responsive hydrogen-bonded 
PEMs developed by Swiston et al. for cell patches81, we developed films that could potentially 
slough away a contaminated surface upon exposure to a certain stimulus to expose an unfouled 
surface.  Although biofilm release coatings have been investigated, to our knowledge the 
versatility of the layer-by-layer technique has not been exploited for this application216.  The 
“lift-off” PEMs were designed with a hydrogen-bonded region topped with a supportive 
electrostatic PEM comprised of FITC-PAH and iron oxide nanoparticles.  The hydrogen-bonded 
region, consisting of PMAA and temperature-sensitive PNIPAAm, was not chemically or 
thermally covalently cross-linked.  At high pH, the carboxylic acids of PMAA become charged, 
disrupting the hydrogen-bonding.  However, PNIPAAm exhibits a lower critical solution 
temperature (LCST) behavior (32°C in pure water) and at high temperature, it is insoluble in 
water and entraps the film components (preventing film dissociation).  At low temperature, 
PNIPAAm undergoes a hydrophobic to hydrophilic transition leading to energetically favorable 
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interactions between PNIPAAm and water.  If the temperature is lowered without raising the pH, 
the hydrogen-bonds between PNIPAAm and PMAA maintain the integrity of the film. Thus, 
both high pH and low temperature are necessary for the hydrogen bonded film to dissociate, 
leading to lift-off of the supportive PEM81. 
Figure 5.5. (0.32) (A) S. epidermidis colony densities on glass and releasable PEM substrates. Samples were 
challenged with airborne bacteria, then immersed for 30 minutes in PBS at 4°C or 37°C. Except for PEM 4°C, all 
samples were statistically indistinguishable (student’s t‐test, p<0.05). Representative optical microscopy images 
of colony growth on (B) plain glass at 4°C,  (C) surface after PEM release at 4°C,  (D) plain glass at 37°C,  and (E) 
non‐released PEM immersed at 37°C. 
 As an initial test of the lift-off system, non-biofilm forming S. epidermidis was sprayed 
on the surface of the PEMs and control glass slides and placed in PBS (pH 7.4) at 4°C or 37°C 
for 30 min. Lift-off of the low temperature PEM was clearly visible since the FITC-PAH is 
slightly reddish in color. After coating the surfaces with agar and incubating overnight, the 
resultant colony densities were determined.  As can be seen in Figure 5.5, the releasable PEM 
immersed at 4°C successfully removed many of the bacteria applied to the surface and reduced 
the number of viable attached bacteria as compared to the PEM at 37°C and the glass controls at 
4°C and 37°C.  The few colonies that were visible on the PEM immersed at 4°C probably rinsed 
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off the film as it was releasing. Since the release was done in 50 mL tubes, any bacteria in 
solution had the opportunity to reattach to the clean surface.  In a setting in which the released 
film is washed downstream, this would not occur. Note that the cytotoxicity of the FITC-
PAH/iron oxide nanoparticle PEM was previously tested and showed no killing abilities.  In 
addition, bacteria grew successfully on the PEMs immersed in PBS at 37°C. Thus, the reduction 
in colony density could not be attributed to contact-killing on the PEM surface and was only a 
result of the PEM lift-off.   
To test mature biofilm lift-off, biofilms were grown for 24 hours on releasable PEMs and 
glass controls.  The samples were then placed either in PBS at 37°C or 4°C for 30 minutes and 
viewed with an optical microscope.  Once again, lift-off at low temperature was visible due to 
the reddish color of the FITC-labeled PAH.  As can be seen in Figure 5.6, biofilm growth was 
apparent on all samples except the low-temperature PEM. Thus, a contaminated surface was 
successfully lifted-off to reveal an unfouled surface underneath.  Since the new surface could 
again become contaminated, the lift-off strategy demonstrated here would only be valuable for 
applications requiring a single cleaning.  To address this limitation, stacks of releasable films 
with different dissociation stimuli (different pH values, temperature, electric field, etc) could be 
constructed to create multiple lift-off surfaces capable of multiple cleaning cycles.  
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Figure 5.6. (0.33) Optical microscopy images of biofilm growth on (A) glass surface after immersion in PBS at 
37°C, (B) PEM surface after immersion in PBS at 37°C, (C) glass surface after immersion in PBS at 4°C, and (D) 
PEM surface after immersion and lift‐off in PBS at 4°C.  Insets show the same sample before PBS immersion.     
All scalebars = 100 μm.  
 
 
5.4 Conclusions 
 
Biofilm formation leads to negative consequences in many situations: medical implants, 
metal piping, membranes, etc. Preventing biofilm formation on surfaces under optimal biofilm 
conditions (little mechanical shear, high nutrient environment, no biocides in solution) is 
extremely challenging.  In this work, we investigated differences in initial biofilm formation 
(first 2 hours) under these conditions on previously examined multilayers that decreased or 
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eliminated bacteria in low nutrient conditions.  Both the highly compliant surface, which resisted 
bacterial attachment, and the swellable cationic-killing surface, which both resisted and killed 
bacteria, showed no reduction in initial biofilm formation with the assays used here.   
As an alternative, releasable PEMs were investigated to examine the possibility of 
removing a contaminated surface to expose a clean surface.  The hydrogen-bonded release 
system required low temperature and physiological pH ranges to dissociate.  Release of a 
contaminated surface was successfully demonstrated when surfaces sprayed with bacteria were 
immersed in PBS.  In addition, biofilm formation and release was shown. Thus, the lift-off 
concept was validated and may be an interesting avenue to explore in future biofilm prevention 
studies.  Although we only demonstrated single layer lift-off, the strategy can be expanded to 
include stacks of releasable materials that dissociate upon application of different stimuli, 
creating a long-lasting surface that could be cleaned several times.  
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CHAPTER 6 
6. Summary and Future Work 
 
6.1 Thesis Summary 
The main objective of this thesis was to investigate the effects of PEM manipulation on 
bacteria-surface interactions. A deeper understanding of the relationship between bacteria and 
PEMs and substrata in general is an area of increasing interest.  Many studies have previously 
established the value of PEMs as antimicrobial coatings, and this work added additional surface 
factors and design techniques that could be considered to maximize their efficacy. 
After reviewing previously published studies on antimicrobial PEMs and summarizing 
the highlights of PEM-eukaryotic cell interactions in the introduction, Chapter 2 evaluated the 
effects of surface modulus on bacterial attachment.  PEMs were chosen as a model substrate due 
to their unique tunability.  By simply adjusting assembly pH, surfaces of identical composition 
with varying mechanical properties were produced.  Bacterial attachment studies on these 
surfaces showed that compliant surfaces resisted both Gram negative and Gram positive bacterial 
attachment in aqueous and salt solutions.  This study was the first to systematically evaluate 
surface stiffness effects on bacterial attachment and unequivocally add it to the roster of surface 
parameters that can influence bacterial attachment.  
Chapter 3 dealt with another aim of many antimicrobial coatings: contact-killing.  PEM 
engineers have incorporated many biocidal species into PEMs (e.g., surface-grafted quaternary 
ammonium compounds, antimicrobial peptides, chitosan, lysozymes, etc.), but have never 
considered studying the variation of assembly and post-assembly conditions of typically non-
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biocidal PEMs to produce surfaces with the necessary cationic charge to kill bacteria upon 
contact.  In Chapter 3, a model PEM system was chosen to illustrate the importance of PEM 
assembly and post-assembly conditions on antibacterial properties. Although most PEMs do not 
present sufficiently mobile and dense cationic charge to disrupt bacterial membranes, we 
demonstrated that PEM production could be modified to create antibacterial coatings without 
complicated chemistry or addition of other species. 
In Chapter 4, we characterized new morphologies present in hydrogen-bonded 
multilayers capped with a single layer of polycation.  By varying the adsorption pH of the 
polycation layer, the film displayed a variety of properties and surface morphologies.  These 
different films were tested for their ability to resist or kill bacteria in air or solution.  The pH of 
polycation adsorption affected the properties studied in Chapters 2 and 3.  That is, with certain 
PAH adsorption pH values, we were able to modulate mechanical modulus to create films that 
either inhibited or promoted bacterial attachment.  In addition, the pH of PAH could be adjusted 
to create a surface with the necessary cationic charge to kill bacteria on contact.  The polycation-
topped hydrogen bonded system therefore further validated the concepts established in earlier 
chapters.  
The final project discussed in this thesis tested the ability of antimicrobial films to resist 
biofilm formation in high nutrient environments. The films in these experiments were challenged 
to a greater extent because of the ideal conditions for biofilm formation.  For both the low 
modulus and cationic-killing surfaces, no differences in initial biofilm formation were visible 
with optical microscopy.  Although this was not definitive proof that the surfaces had no effect 
on biofilm formation, it indicated that a more aggressive biofilm prevention strategy might be 
necessary.  As a result, another PEM system, a multi-stack PEM with a releasable region, was 
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investigated.  The releasable PEM successfully lifted-off a layer of non-biofilm forming bacteria 
and a biofilm grown in nutrient-rich conditions for 24 hours. The concept of a lift-off PEM to 
remove biofilms was thereby established and could possibly prove helpful in the future.  
 
 
6.2 Future Research Directions 
 
Using this work as starting point, there are many avenues that can be explored to gain a 
deeper understanding of the relationship between bacteria and substrata.  Also, additional 
experiments may further illuminate the usefulness of PEMs in controlling bacterial and 
eukaryotic cell attachment and viability.   
Although Chapter 2 illustrated how PEM stiffness affected bacterial attachment densities, 
little is known about the strength of bacterial adhesion to different PEM substrates with different 
mechanical properties.  With advances in atomic force microscopy (AFM), bacterial adhesion to 
different substrata can be directly measured with clumps of bacteria attached to an AFM tip 
approaching a specific surface or a modified tip approaching a lawn of bacteria217, 218.  Likewise, 
parallel plate flow chambers have been used to measure relative strength of adhesion by flowing 
solution or air through a system with adhered bacteria and measuring number of detached 
bacteria219. These techniques could help determine the forces and methods necessary to remove 
individual bacteria attached to various substrates. 
The research in Chapter 2 also leaves unsolved the question of the exact mechanism 
leading to a decrease in bacterial attachment with increasing film compliance.  Catch-bonds were 
posited as a possible explanation, but a full study with genetically modified bacteria with specific 
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knock-out genes would help prove the mechanism and shed light on the varieties of bacteria that 
are especially susceptible to adherence control with substrata stiffness.  
As discussed in Chapter 3, the antimicrobial cationic PEM surfaces we created lacked 
powerful Gram-negative killing capabilities. However, the versatility of the layer-by-layer 
technique allows for many modifications to create a potent broad-spectrum biocidal surface. This 
may be accomplished with the selection of other charged polycations, such as those with alkyl 
side-chains, assembled into PEMs under the right conditions to expose dense, mobile cationic 
charge. 
Another interesting area to explore is the influence of the different surface morphologies 
discussed in Chapter 4 on eukaryotic cell attachment, morphology and viability.  To date, 
unmodified cross-linked PAA/PAAm hydrogels have been shown to be cell resistant, while 
stiffer PAA/PAAm films with PAH adsorbed at pH 9 have been shown to be cell adherent.  
Bacteria attachment and viability was explored across the entire PAH adsorption pH range, but 
the effects of PAH adsorption at lower and higher pH values on eukaryotic cells has not been 
considered.  PAH adsorption at different pH values could prove to be an easy and useful tool to 
modify surfaces for cell studies. 
Optical microscopy images of initial biofilm formation showed identical biofilm growth 
on both compliant and rigid surfaces, and cationic killing and non-biocidal surfaces.  However, a 
more sophisticated analysis of biofilm growth would provide additional information.  For 
instance, biofilms on various surfaces could have different strength of adhesion or dissimilar 
structures.  The strength of biofilm adhesion has been measured by tensile force applied by 
centrifugation and by shear force via collision of biofilm attached plates by gravity220.  
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Micromanipulation has also been used to measure adhesion force by physically pulling biofilms 
away from substrata221.  Physical biofilm structure has been analyzed in a variety of ways 
involving fluorescent stains, electron microscopy, confocal imaging, molecular transport 
analyses, and modeling and simulation222.  In addition, chemical components and gradients 
within biofilms have been evaluated with many techniques including two-photon excitation 
microscopy223, infrared spectroscopy, microelectrodes, electron microscopy, atomic force 
microscopy, etc224.  These additional assays could determine the effects of substrata mechanical 
compliance and cationic charge on biofilm properties. 
Finally, to expand the biofilm lift-off concept to other stimuli responsive multilayers (and 
to possibly create a multi-stack surface capable of multiple lift-off cleanings), the 
electrochemically sensitive PEMs composed of Prussian Blue (PB) nanoparticles developed by 
the Hammond group could be used as the releasable region for biofilm liftoff225, 226.  Hammond 
et al. has constructed PEMs comprised of negatively charged PB particles and positively charged 
linear poly(ethylene imine) (LPEI) on indium tin oxide (ITO) coated glass slides.  Application of 
an external voltage in an electrobath with excess K+ ions oxidizes the PB.  With enough 
oxidation, the charge can be fully removed from the PB.  Since the films are held together by 
electrostatic forces, once the PB is neutral the PEMs begin to dissolve.  Note that PB 
nanoparticles released in this process are non-cytotoxic. Thus, LPEI/PB PEMs can be used as 
sacrificial layers that dissolve upon application of an external stimulus in physiological 
conditions.  
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APPENDIX A 
 
Additional Characterization of PAA/PAH PEMs with PAA at pH 3.5 
 
 Dry-state atomic force microscopy (AFM) images of the PAA/PAH system assembled 
with PAA at pH 3.5 and PAH at either pH 7.5 or pH 8.6 are shown below.  Images were acquired 
in tapping mode with a Veeco/Digital Instruments Nanoscope IIIa Scanned Probe Microscope 
Controller with Dimension 3000 SPM. Roughness values were calculated using the Nanoscope 
IIIa software.  
 
Figure 1. AFM images of PAA/PAH (a) 3.5/7.5 (z‐height = 50 nm) and (b) 3.5/8.6 (z‐height = 90 nm).  Root‐mean‐
square (RMS) roughness values are given below the images.  
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In-situ images were acquired by M. Todd Thompson of the Van Vliet Laboratory at MIT 
with a 3D Molecular Force Probe (Asylum Research, Santa Barbara, CA). Samples were 
hydrated in sterile, deionized water overnight before imaging. 
 
Figure 2. In‐situ SPM images of PAA/PAH (a) 3.5/7.5 and (b) 3.5/8.6. 
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ABSTRACT:  
Biochemical functionalization of surfaces is an increasingly utilized mechanism to promote or 
inhibit adhesion of cells. To promote cell-substrata adhesion, one common example of this 
approach is surface conjugation of adhesion peptide sequences such as Arg-Gly-Asp (RGD) 
which bind specifically to transmembrane integrin receptors of the cell.  In the context of cell 
mechanotransduction, it is assumed that such functionalization does not alter the local 
mechanical properties of the functionalized surface. Here, we examine this assumption 
systematically, through nanomechanical measurement of the nominal elastic modulus of 
polyelectrolyte multilayer (PEM) thin films functionalized with RGD through different 
processing routes. We find that the method of biochemical functionalization can significantly 
alter mechanical compliance of polymeric substrata such as PEMs. In particular, immersed 
adsorption of intermediate functionalization reagents significantly decreases compliance of the 
PEMs considered herein, whereas polymer-on-polymer stamping of these same reagents does not 
alter compliance. This finding points to the potential, unintended alteration of mechanical 
properties via surface functionalization, and also suggests functionalization methods by which 
chemical and mechanical properties of cell substrata can be controlled independently for 
applications including cell mechanotransduction studies. 
 
INTRODUCTION 
 
Surface functionalization to promote cellular adhesion to biomaterials used as cellular growth 
substrata is an important component of many biological research efforts and bioengineering 
applications.  High resolution imaging of cytoskeletal substructure and dynamics is critically 
dependent on the ability to successfully immobilize cells through formation of tight adhesive 
contacts 227. In addition, in vitro culture of adherent cell types, whether for tissue engineering or 
cell biology studies, also depends on the quality and strength of adhesion events 114, 187, 228. In the 
field of medical implants, precise control of cellular attachment is necessary to prevent 
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microbiological contamination and promote proper graft response, a topic of particular interest in 
the area of osteogenic implantable devices 229-231.   
 Indeed, interfacial biology is a well-developed and rich field, and many types of 
biointerfacial modifications exist to promote the attachment and proliferation of cells on given 
growth substrates 187.  Techniques to induce phenotypic change and control spatial distribution in 
various cell types include alteration of surface topology 183 and/or degree of interchain  
crosslinking in a polymeric gel 184,  creation of phase separated amphiphilic surfaces 185,  and 
functionalization with cell resistant materials that restrict cell growth and enforce patterning 186.  
With increasing frequency, cytophilic surface modifications are employed via adsorption of 
extracellular matrix proteins or related derivatives onto a rigid or semi-rigid support to 
reconstitute aspects of the in vivo extracellular environment. One widely used approach involves 
the incorporation of proteins or peptides containing the sequence Arg-Gly-Asp (RGD), which 
recruits and binds to integrin receptors on the surfaces of eukaryotic cells 187-193.  This is 
particularly significant because differential integrin binding alters specific cellular behaviors 
such as differentiation in human unmbilical vascular endothelial cells 229.  Conversely, 
differential integrin expression is known to be an important marker of cell state during 
angiogenesis and capillary invasion during wound healing 232, 233. 
Increasingly, polyelectrolyte multilayers (PEMs) are used as bioactive substrata for the 
study of cell adhesion or phenotype 1, 62, 113, 190, 234-237.  PEMs are polyelectrolyte complexes 
assembled via a layer-by-layer assembly process with dilute solutions of positively and 
negatively charged polymers. Because the physical properties and film thickness of weak (pH-
sensitive) PEMs can be controlled with high precision through assembly conditions such as 
solution pH, these materials find utility in a range of applications including but not limited to 
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cytophilic substrata and cytophobic coatings. Importantly, these materials effectively modulate 
cell behavior when assembled to only nanoscale thicknesses 114, and are thus amenable to high 
resolution optical imaging approaches desirable for a range of in vitro cell experiments.  Berg et 
al. have demonstrated that the cytophobic properties of a PEM comprising polyacrylic acid 
(PAA) and polyacrylamide (PAAm) can be reversed via surface functionalization with RGD 190.  
In these studies, it is assumed but not demonstrated that biochemical functionalization of such 
surfaces does not alter the mechanical properties of that surface, such that the mechanical and 
chemical characteristics of substrata can be modulated independently to evaluate cell response. 
That is, if surface modifications such as RGD incorporation alter only the biochemical interface 
between the substrata and adhered cells, then cellular processes such as adhesion, spreading, 
proliferation, and differentiation on those surfaces could be attributed unambiguously to 
biochemical rather than mechanical characteristics of the substrata.  
Thompson et al. have shown that mechanical compliance of nanoscale PEM films can be 
modulated directly via assembly conditions 114.  For weak PEMs comprising PAA and 
poly(allylamine hydrochloride) or PAH, nominal elastic modulus E varies by orders of 
magnitude for mod-2 changes in assembly pH.   Further, Thompson et al. found that this 
mechanical compliance correlated directly with the capacity of mammalian (microvascular 
endothelial) cells to attach to and proliferate on unfunctionalized PEMs under in vitro culture, 
and others have demonstrated similar effects of mechanical compliance for other PEM or 
hydrogel systems on different adherent mammalian cell types 113, 235, 238.  In light of these 
previous findings on biochemical and mechanical modulation of cell-substrate adhesion, here we 
sought to confirm that the mechanical properties of PEMs were unaffected by a particular 
biochemical surface functionalization process.  To that end, we employed scanning probe 
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microscope-enabled nanoindentation to measure the nominal elastic modulus E of PEMs 
functionalized through various processing routes with a synthetic peptide containing the integrin 
binding sequence RGD.  
 
MATERIALS AND METHODS 
 
Materials 
Poly(acrylic acid) (PAA) (MW = 90 000; 25% aqueous solution and polyacrylamide (PAAm) 
(MW = 5 000 000; 1% aqueous solution) were purchased from Polysciences.  Poly(allylamine 
hydrochloride) (PAH) (MW = 70 000) was purchased from Sigma-Aldrich. Peptides GRGDSPC 
and GRGESPC were provided by the MIT Biopolymers Lab.  Sulfosuccinimidyl 6-[3’-(2-
pyridyldithio)-proprionamido] hexanoate (Sulfo-LC-SPDP) was purchased from Pierce 
Biotechnology. Poly(dimethylsiloxane) (PDMS) stamps were made obtained according to the 
previously described protocol 190. 
 
Polymer electrolyte multilayer assembly 
PEM films were assembled as previously described 1, 62, 159, 190.  Briefly, dilute solutions (0.01 M) 
of PAA, PAAm, and PAH were prepared in deionized water and the solution pH adjusted to 3.0 
using HCl. The multilayers were assembled on standard glass slides, silicon wafers, and in 60 
mm-diameter polystyrene petri dishes using an automated layer-by-layer dipping method. Each 
sample was assembled with one layer of PAH to promote strong adhesion of the PAA/PAAm 
PEM, followed by 5.5 bilayers of PAA/PAAm. The PEMs were then covalently crosslinked, as 
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required for stability at neutral pH conditions required for cell culture, via elevated temperature 
in vacuum (180oC, 2 hrs for glass and silicon, 90oC, overnight for polystyrene). 
For surface-modified samples, PAH was first added to the surface by one of two routes. 
In the first case, surface modification was achieved via incubation of the PEM sample in a 0.01 
M / pH = 9.0 polyelectrolyte solution at room temperature for 15 min or 30 sec (hereafter termed 
adsorbed PAH).  In the second case, surface modification was achieved via polymer-on-polymer 
transfer  with a patterned PDMS stamp inked with 0.05 M PAH / pH = 9.0, as described 
previously (hereafter termed stamped PAH) 190.  Briefly, PDMS polymer stamps were soaked in 
a solution containing PAH at the aforementioned concentration and then allowed to physically 
contact the PAA/PAAm PEM surface for 30 sec before removal.  The PEMs were then rinsed 
with 150 mM / pH = 7.4 phosphate buffered saline (PBS) several times under agitation, and 
allowed to dry in air for subsequent rehydration and use.  
Modification of PAH-treated PEMs with RGD or Arg-Gly-Glu (RGE) was accomplished 
first by incubation of 0.5 mM Sulfo-LC-SPDP in the presence of PAH treated PEMs for 30 min 
at room temperature.  Following the addition of this heterobifunctional crosslinker, the samples 
were washed with PBS twice for 5 min.  Incubation of 0.5 mM peptide solution (GRGDSPC or 
GRGESPC) in PBS for 8 hours at room temperature yielded RGD and RGE modified 
PAA/PAAm samples, ostensibly conjugated to the heterobifunctional crosslinker via a disulfide 
linkage. PEMs were rinsed several times in PBS under agitation, and allowed to dry in air for 
subsequent rehydration and use.  
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Mechanical testing of PAA/PAH multilayers 
Mechanical testing was performed using a scanning probe microscope well-suited for the force-
depth acquisition required of nanoindentation (Molecular Force Probe 3D, Asylum Research, 
Santa Barbara, CA).    Commercially available unsharpened silicon nitride cantilevers (MLCT-
AUHW, Veeco Metrology Group, Sunnyvale, CA) were used to indent PEMs to maximum 
depths of ~20 nm under constant force.  The probe tip radius of curvature Rp was ~50 nm, and 
the cantilever spring constant k was experimentally determined for each cantilever via the 
thermal power spectral density approach to be within the factory specifications of 0.1 N/m by 
factor of two 114. 
Nanoindentation was performed in an acoustic isolation enclosure (Herzan, Inc.) at room 
temperature in 0.2 μm-filtered PBS.  At least 50 nanoindentation experiments were conductued 
on each polymer sample, and each indentation was performed at a unique point on the sample 
surface to rule out effects due to cyclic loading and/or plastic deformation.  To ensure that 
indentation occurred at sites of PAH patterning in PMDS-stamped samples, the sample surface 
was first imaged in contact mode using the MFP3D (90 μm x 90 μm) .  Furthermore, multiple 
regions were scanned over a sample area that spanned ~50% the total stamped region of the 
PEM.  Finally, multiple samples of the PAH-stamped samples were tested on different days, to 
identify any sample-to-sample variations and systematic experimental errors.   
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Nanomechanical data analysis 
Nanoindentation force-depth data were analyzed in IGOR (Wavemetrics, Lake Oswego, OR) on 
a windows platform PC using the method previously described 114.  The nominal elastic moduli 
of the PEM samples were calculated using a spherical Hertzian model of the form  
 
    P = (4/3) Er1/2  Rp  Δ3/2      (1) 
 
where P is applied force, Er is the reduced elastic modulus,  Rp is the radius of curvature of the 
cantilevered probe, and Δ is the depth of penetration into the sample surface 123.  
Force-displacement datawere processed prior to analysis using a 25 pass binomial 
smoothing filter to eliminate random fluctuations 239.  Since accurate determination of the initial 
contact point is a critical issue in nanoindentation of compliant polymer films240, 241, an 
additional noise threshold was applied to the log P – log h representation of smoothed curves to 
identify this (0,0) point objectively and repeatably. Linear least-square fits of the log P – log h 
representation of smoothed  responses were conducted and yielded intercept values from which 
nominal E were calculated from Eq. (1), as previously described 114. 
 
PEM Film Thickness Measurement 
In order to determine whether any experimentally observed differences in PEM mechanical 
compliance could be attributed to differences in hydrated film thickness t, hydrated samples were 
assembled on glass substrate and imaged via scanning probe microscopy (SPM) over regions 
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including through-thickness scratches. Unmodifiied PAA/PAAm, PAA/PAAm/adsorbed PAH, 
PAA/PAAm/stamped PAH, and PAA/PAAm/stamped PAH/RGE PEMs of nanoscale thickness 
were prepared on glass slides as described above.  Sample slides were cleaned by dipping in 
sterile 0.2 m filtered PBS, rehydrated in PBS, and scratched with a standard razor blade.  PEMs 
were imaged in contact mode (MFP3D) using a Si3N4 probe of k = 0.06 N/m over regions 
including the scratch site at both 0o and 90o scan angles. Height measurements were calculated 
by measuring ΔZ at six different randomly selected regions, where, 
 
     ΔZ = ZPEM surface - Ztrough    (2) 
 
Standard deviation of the mean sample height was significantly smaller than the associated error 
in the surface roughness across the trough in individual image cross-sections, which can be 
attributed to slight damage of the underlying glass substrate and/or limited residual PEM within 
the scratch trough.  Root mean square (RMS) surface roughness was determined directly from 
contact images via MFP3D IGOR subroutines.  Average +/- standard deviation RMS roughness 
among six cross-sections within a given sample image is reported. In addition, in situ 
ellipsometry (ISE) was employed to validate SPM measurements of water-hydrated film 
thickness t for the same PEMs assembled on silicon (reflective) substrates. ISE determines t as a 
function of changes in indices of refraction n measured via light reflected from the material 
surface, and samples mm2-scale surface areas 62. 
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RESULTS AND DISCUSSION 
  
Previous studies have demonstrated that the unmodified PAA/PAAm system is completely 
cytophobic to both hepatocytes and human microvascular endothelial cells 114, 190.  However, 
using a patterned polymer-on-polymer stamping technique, Berg et al. demonstrated that PAH-
stamping followed by covalent conjugation of RGD-containing peptides at the multilayer surface 
could switch the cytophobicity of PAA/PAAm to that of a cytophilic substrate in a PAH 
concentration-dependent manner (See Fig. 1). This response was not reproduced via conjugation 
of the dummy peptide sequence RGE, and thus attributed to specific chemical interactions 
between this particular adhesive ligand and the mammalian cell surfaces 190.   
 
 
 
 
 
Figure 1: Wild-type NR6 fibroblast attachment as a function of RGD concentration on PAA/PAH PEMs, 
surface modified via polymer-on-polymer stamping of PAH in a vertical line pattern followed by RGD 
conjugation via a heterobifunctional crosslinker. Cells do not adhere readily on PAA/PAAm PEM lines 
functionalized with low RGD concentrations of ~53,000 molecules/μm2 (A), but do adhere readily to the same 
PAA/PAAm lines functionalized with a higher RGD concentration of 152,000 molecules/μm2 (B). Scalebars = 
50 μm. These materials and cell adhesion results are detailed in Ref. 85. 
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Effect of surface functionalization on mechanical compliance  
 To ascertain any changes in mechanical properties of PAA/PAAm PEMs that such 
surface engineering may engender, instrumented nanoindentation was performed on samples 
representing each processing step during surface modification of PAA/PAAm with RGD or 
RGE.  Representative P – ∆  responses for each PAA/PAAm sample is shown in Fig. 2, and  
nominal elastic moduli E calculated from such data are shown as a function of surface 
modification in Fig. 3. Unmodified PAA/PAAm exhibits the lowest nominal E (2.4 x 105 Pa), 
consistent with the high swelling capacity and low crosslinking density of this PEM, as well as 
with previous mechanical analysis of this polymer film 1, 114, 190, 242.  The second step in the 
process of surface engineering involves the addition of PAH as a base for conjugation of RGD.   
This can be readily accomplished by adsorption of the polymer chain from a dilute solution of 
PAH, or by polymer-on-polymer stamping as described by Berg et al. 190.  Samples prepared 
with PAH according to this stamping protocol exhibited a slightly lower mean E with respect to 
the unmodified PEM (1.6 x 105 Pa), although this difference was found to be within the margin 
of error of the nanoindentation approach. Together with the mechanical characterization and 
cytophobicity results of the unmodified PAA/PAAm PEM from Thompson et al. 114, these 
findings suggest the reversal of cytophobicity in RGD-modified PAA/PAAm via polymer-on-
polymer stamping is due chiefly to changes in surface chemistry that alter cellular attachment, 
most likely through an integrin mediated mechanism, and not to changes in mechanical 
compliance of the polymer substrata.  
In contrast, PEMs modified by adsorption of PAH for 15 min exhibited E = 4.16 x 107 
Pa, an increase in mechanical stiffness by more than two orders of magnitude.  PEMs modified  
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Figure 2: Representative force-depth responses acquired during nanoindentation of PAA/PAAm PEMs in 
PBS  PAA/PAAm/adsorbed PAH, 15 min (solid black); PAA/PAAm/adsorbed PAH + RGD  (solid gray); 
unmodified PAA/PAAm (dashed black); PAA/PAAm/stamped PAH, 30 sec (dashed gray). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3:  Nominal elastic moduli E as measured by instrumented nanoindentation of surface modified 
PAA/PAAm polyelectrolyte multilayers.  PEMs were indented to a depth of 20 nm using a scanning probe 
microscope in fluid (150 mM PBS, pH = 7.4) at room temperature.  
 
 
via adsorbed PAH followed by either RGD or RGE peptide conjugation showed similar, 
dramatic increases in stiffness (E = 1.67 x 107 Pa and 6.74 x 106 Pa, respectively) with respect to 
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the unmodified PEM or the stamped PAH modification.  Therefore, it is demonstrated that the 
transition from a mechanically compliant PEM to a mechanically stiff PEM occurs at the point of 
PAH adsorption, and not through the addition of the Sulfo-LC-SPDP heterobifunctional 
crosslinker or the RGD/RGE heptamers. Reducing the PAH incubation time to 30 sec, the time 
the time scale of PDMS stamping, showed only a modest reduction in the stiffness (E = 6.15 x 
106 Pa), suggesting that this material modification occurs rapidly. 
 
Consideration of PEM film thickness 
It is not immediately apparent why the compliance of PAA/PAAm/adsorbed PAH PEMs is so 
dramatically affected by adsorption of this polycation.  One possible explanation is that the 
sample thickness decreases significantly after adsorption of PAH (e.g., by increased interchain 
crosslinking), such that mechanical probing of all samples to the same depth (∆ ~ 20 nm) induces 
artifacts associated with proximity to the rigid polystyrene substrate on which the PEMs were 
assembled.  To address this possibility, PEM film thickness was determined via scanning probe 
microscopy contact-mode imaging for all samples.  As shown in Table 1, surface modifications 
did not decrease PEM thickness. In fact, the nanoscale thickness and RMS surface roughness of 
PAA/PAAm with an adsorbed layer of PAH is slightly greater than that of unmodified 
PAA/PAAm, which is consistent with the increased deposition of more material in the modified 
film. ISE results for the same PEMs assembled on silicon and hydrated with water were 
consistent with these SPM measurements of hydrated film thickness t, and are representative of a 
much larger surface area than considered via SPM.  Hydrated t of unmodified and adsorbed PAH 
PEMs measured via ISE was ~100 nm, and that of stamped PAH PEMs with and without RGE 
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heptamer was ~230 nm. Thus, the observed change in E between unmodified PAA/PAAm and 
the associated PAH adsorbed derivative cannot be attributed to a change in sample thickness. 
TABLE 1   Properties of  PAA/PAAm polyelectrolyte multilayer derivatives*   
Sample  PAA/PAAm bilayers  Hydrated thickness Surface roughness E  
     [nm]   [nm]   [105 Pa] 
PAA/PAAm             5.5  87.8 ± 19.3  34.1 ± 23.5  2.4 ± 1.7 
PAA/PAAm,  
Adsorbed PAH†               5.5  99.8 ± 16.6  52.0 ± 37.8  416.0 ± 89.2  
PAA/PAAm,  
Stamped PAH              5.5  213.1 ± 59.5  130.2 ± 95.7  15.9 ± 0.6 
PAA/PAAm,  
RGD modified‡              5.5  --   --   167.0 ± 60.0 
PAA/PAAm,  
RGE modified‡              5.5  214.2 ± 48.0  94.5 ± 69.6  67.4 ± 19.9 
*Young’s moduli E are measured via nanoindentation.  Hydrated thickness and surface roughness were acquired 
separately through scanning probe microscopy imaging of a surface area including through-thickness scratch.  
† PAH adsorbed for 30 sec 
‡ PAH stamped, followed by Sulfo-LC-SPDP and RGD or RGE heptamer, as indicated. RGD modified samples 
were not analyzed for hydrated thickness and surface roughness to conserve peptide, but the difference of only one 
amino acid between the RGD and RGE samples would not be predictive of any differences between these samples. 
 
Neither the amount of total PAH adsorbed onto the surface nor the amount of PAH 
transferred via stamping were quantified rigorously.  Therefore, it remains possible that observed 
increases in the E upon PAH adsorption are related to differences in the amount of PAH 
integrated within the PEM surface in each deposition protocol or to potential phase transitions / 
separations that would be consistent with the slightly increased opacity of the PEM upon PAH 
adsorption. However, the central finding remains clear: Mechanical properties of weak PEMs 
can be significantly and unintentionally altered via certain biochemical surface modification 
routes, and these effects are independent of PEM thickness. 
 
 
152 | P a g e  
   
CONCLUSIONS 
 
Biochemical surface modification of polymeric growth substrates to enhance or inhibit cellular 
attachment is important for a wide range of biological and bioengineering problems.  It is tacitly 
assumed that these modifications, including incorporation of adhesion proteins and peptides such 
as RGD, alter only the local chemical environment and leave the mechanical properties of the 
surface unaffected.  Here, the effect of RGD incorporation on the mechanical compliance of a 
specific polyelectrolyte multilayer system comprising poly(acrylic acid) and poly(acrylamide) 
has been characterized systematically. Significant, processing dependent changes in nominal 
elastic modulus E have been demonstrated:  for the weak PEM considered herein, surface 
functionalization with RGD via polymer-on-polymer stamping of dilute PAH does not alter 
mechanical compliance, whereas functionalization via incubation in dilute PAH over the same 
duration dramatically increases E.   Thus, for weak polyelectrolyte multilayers of nanoscale 
thickness such as PAA/PAAm, the method by which the cellular interface is modified can have 
unintended and profound consequences on mechanical compliance of the substrata and thereby 
the mechanical environment of attached cells.  Furthermore, the changes in substratum 
mechanical compliance demonstrated herein cannot be attributed to changes in sample thickness 
or surface roughness.  It is an open and important question whether these results are generally 
true for other polyelectrolyte multilayer systems and/or polymeric hydrogels.  These findings 
serve both as a caution in the design of surfaces and experiments for which only chemical 
modification is desired, and as an opportunity to choose surface modification routes that alter 
mechanical and biochemical interfaces independently. 
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